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Resistance training has been shown to have several positive benefits to health including 
increasing muscle size and strength, reducing risk of sarcopenia with aging, and is associated 
with reduced risk of mortality. A cornerstone in accomplishing these goals is to progressively 
overload the muscle by increasing training volume to promote muscle protein synthesis 
following training stimulation. Total training volume has been demonstrated in the literature to 
be a prime determinant of muscle hypertrophy and overall training performance. Carbohydrate 
(CHO) manipulation has been observed as a potential ergogenic aid when training demands are 
high. Current research investigating nutrition related to exercise is well-documented to address 
how macronutrient consumption affects performance in endurance exercise; however, there 
are inconclusive data related to appropriate timing, intake, and macronutrient composition of 
meals relative to fueling resistance training sessions.  
This dissertation describes three experiments designed to understand the influence of 
CHO intake on resistance training performance. Experiments 1 and 2 were conducted using the 
same subjects; all of whom completed the same conditions. Experiment 3 was a unique set of 
conditions with different subjects than Experiments 1 and 2. 
The purpose of Experiments 1 and 2 were to determine if CHO intake influenced training 
volume. For Experiments 1 and 2, all subjects completed 5 conditions consisting of different 
CHO drink manipulations. The analysis for Experiment 1 was focused on a single CHO drink as 
well as water and a sham condition. The analysis for Experiment 2 was focused on different 
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CHO concentrations. Experiment 3 consisted of three conditions (CHO, water, sham) but 
subjects were asked to rinse the drink in the mouth then spit the drink out (i.e., no intake). 
Experiment 1: 
The purpose of Experiment 1 was to specifically investigate if the ingestion of a liquid 
CHO prior to resistance training would enhance training volume of an acute, squat training 
session. Methods: 16 participants (males = 14; females = 2), mean age 29 ± 8.8 years, with 
resistance training experience (>1 year) and ability to squat 61.4 kg for at least ten repetitions 
completed three conditions (water, sham, or CHO) and performed a squat protocol consisting 
of five sets with 180 seconds rest between sets. The first three sets consisted of ten repetitions 
while the fourth and fifth set consisted of repetitions to voluntary termination. Training volume 
was calculated by multiplying total repetitions and then multiplying by load used. Training 
volume was analyzed between conditions using one-by-five repeated measures ANOVA. 
Results: Training volume was not different between conditions (F2,30 = 0.481 p = 0.623). 
Conclusion: The primary observation of this investigation was that ingestion of a liquid CHO 
prior to training does not enhance training volume during an acute, squat training session. 
The first experiment demonstrated that consuming a 9% CHO solution prior to a squat 
session had no effect on training volume. However, research is limited on alterations in 
concentration of CHO consumed prior to acute squat training sessions. 
Experiment 2 
The purpose of Experiment 2 was to investigate if the ingestion of various doses of a 
liquid CHO prior to resistance training would enhance training volume of an acute, squat 
training session. Methods:  Participants of this experiment were the same participants used for 
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Experiment 2 of this research. 16 participants (males = 14; females = 2), mean age 29 ± 8.8 
years, with resistance training experience (>1 year) and ability to squat 61.4 kg for at least ten 
repetitions completed five intake conditions (water, sham, 9%, 18%, 4.5% CHO) and performed 
a squat protocol consisting of five sets with 180 seconds rest between sets. The first three sets 
consisted of ten repetitions while the fourth and fifth sets consisted of repetitions to voluntary 
termination. Training volume was calculated by multiplying total repetitions and then 
multiplying by load used. Training volume was analyzed between conditions using one-by-five 
repeated measures ANOVA. The analysis was focused on the CHO 9%, CHO 18%, and CHO 
4.25% intake conditions. Results: Training volume was not different between conditions (F4,60 = 
1.687, p = .165). Conclusion: The primary observation of this investigation is that ingestion of 
various doses of a liquid CHO prior to training does not enhance training volume during an 
acute, squat training session. 
Experiment 2 demonstrated that altering concentration of CHO intake prior to squat 
training had no effect training volume. Based upon an analysis of these data, it seems that 
ingestion of CHO prior to squat training may not provide an ergogenic effect for training 
volume. Although, using a mouth rinse in place of ingestion could potentially provide an 
ergogenic effect for resistance training. 
Experiment 3 
The purpose of Experiment 3 was to evaluate whether or not CHO mouth rinse would 
affect resistance training performance. Specifically, investigating if the use of CHO mouth rinse 
prior to training sets of squats would enhance training volume of an acute, squat training 
session. Methods: Participants for Experiment 3 were new to the experiment. 15 participants 
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(males = 13; females = 2), mean age 31 ± 11 years, with resistance training experience (>1 year) 
and ability to squat 61.4 kg for at least ten repetitions completed three conditions using mouth 
rinse (water, sham, or CHO) and performed a squat protocol consisting of five sets with 180 
seconds rest between sets. The first three sets consisted of ten repetitions while the fourth and 
fifth set consisted of repetitions to voluntary termination. Mouth rinse was used immediately 
prior to the fourth and fifth sets (i.e., complete set 3, three-minute rest, rinse, set 4, three-
minute rest, rinse, set 5). Training volume was calculated by multiplying total repetitions and 
then multiplying by load used. Training volume was analyzed between conditions using one-by-
three repeated measures ANOVA. Results: Training volume was not different between 
conditions (F2,28 = 1.681 p = 0.204). Conclusion: The primary observation of this investigation 
was that use of CHO mouth rinse prior to training sets does not enhance training volume during 
an acute, squat training session. 
In summary of all three experiments, it was determined that CHO intake nor mouth 
rinse influenced training volume. It is concluded that CHO manipulation, whether ingested or 
rinsed in the mouth, does not provide an ergogenic benefit to training volume in an acute squat 
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Resistance training has been reported to have several positive benefits to health 
including increasing muscle size and strength, reducing risk of sarcopenia with aging, and is 
associated with reduced risk of mortality [1-11]. A cornerstone in accomplishing these goals is 
to progressively overload the muscle by increasing training volume to promote muscle protein 
synthesis following training stimulation [1, 7, 12]. Total training volume has been demonstrated 
in the literature to be a prime determinant of muscle hypertrophy and overall training 
performance [1, 7, 9, 13-20]. Appropriate nutrition is commonly thought to be crucial to 
maximize training volume when training demands are high. Current research investigating 
nutrition related to exercise is well-documented to address how macronutrient consumption, 
specifically carbohydrate (CHO) intake, affects performance in endurance exercise when taken 
before or during activity [21-30]; however, there are inconclusive data related to appropriate 
timing, intake, and macronutrient composition of meals relative to fueling resistance training 
sessions [31-46].  
This dissertation describes three experiments designed to understand the influence of 
carbohydrate intake on resistance training performance. Experiments 1 and 2 were conducted 
using the same subjects; all of whom completed the same conditions. Experiment 3 was a 
unique set of conditions with different subjects than Experiments 1 and 2. 
The current literature related to CHO supplementation for resistance training [36-39, 
41] has gained attention; however, these studies are highly varied in duration and intensity of 
the training protocol. Haff et al. [36] suggests that duration and volume play a significant role in 
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the amount of muscle glycogenolysis that occurs in response to the training session. In general, 
the protocols that reported CHO supplementation to have an ergogenic benefit were of lower 
intensity (<70% 1- repetition maximum (1-RM)) and lasted longer than 55 minutes [31, 36-39, 
41, 45]. Over the course of the training session, the greater reliance on blood glucose appears 
to be directly related to the duration and volume of work completed [31, 36-39, 41, 45]. 
Although, number of participants for these investigations were very low (n = 9 or less) [31, 36-
41, 45, 46].  
Based on the current body of scientific literature, it appears that the concentration of 
CHO may result in improvements in markers of acute resistance training performance [31, 33-
39, 41, 42, 44-46]. Generally speaking, 24%-40% of muscle glycogen stores can be depleted 
during an acute resistance training session depending on intensity, duration, and overall 
workload [31, 32, 35-38, 42, 45, 46]. Robergs et al. [45] demonstrated that the amount of 
glycogen utilized during a resistance training session is related to overall workload of the 
session which is a function of volume. Although, Robergs et al. [45] suggest that muscle 
glycogenolysis was significantly greater when a load of 70% one repetition maximum (1-RM) 
was used versus a 35% 1-RM equated for volume [45].  
Even though peak power has been demonstrated to be reached in the squat between 0-
60% 1RM [47, 48], many current training protocols include intensities in the 70%-85% range [9, 
10, 49, 50] requiring substantial workload which could enhance muscle glycogenolysis and pose 
a potential impediment to training performance. Decreases in muscle glycogen have 
demonstrated increased muscle weakness as well as reduced maximal isometric strength and 
reduced maximal isokinetic force production during training [31, 40, 46]. Therefore, any 
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methods that could attenuate the depletion of muscle glycogen stores may have an ergogenic 
effect on acute resistance training performance. 
For some individuals, consumption of nutrition prior to training may cause 
gastrointestinal distress [27, 51-56]. As an alternative to ingestion of CHO, the current literature 
related to CHO mouth rinse for resistance training has gained attention for potential benefits, 
however, studies are highly limited in exercise variation and intensity of the training protocol 
[57-59]. Gant et al. [60] suggests that power output and muscle strength increases immediately 
following the introduction of CHO into the oral cavity. These power and strength increases 
suggest that using a mouth rinse could potentially improve performance in strength exercises 
[60]. However, data are highly contradictory when it comes to performance outcomes in high 
intensity training with some studies showing a benefit of mouth rinsing [51, 61, 62] and other 
studies showing no benefit [58, 59]. 
Painelli et al. [59] and Clarke et al. [58] evaluated the effects of CHO mouth rinse on 
training volume on resistance training and observed no effect on 1 repetition maximum (1-RM) 
or training volume. Although, authors only used upper body exercises (bench press), it should 
be considered that repetitions performed can vary based on exercise chosen with more 
repetitions being performed using exercises that activate more muscle fibers in larger muscle 
groups such as in squats [63]. 
Bastos et al. [57] observed an ergogenic benefit from mouth rinse on bench press 
training volume. Although, the researchers saw no difference in mouth rinse effect in leg press 
volume. Bastos et al. (2019) is currently the only study that the authors are aware of at the time 
of this project to investigate the use of CHO mouth rinse using a lower body exercise. However, 
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a leg press was used and does not activate as many muscle fibers as a squat since the load does 
not have to be supported by the whole body [57]. Even though peak power has been 
demonstrated to be reached in the squat between 0-60% 1-RM [47, 48], many current training 
protocols include intensities in the 70%-85% range [9, 10, 49, 50, 57] requiring substantial 
workload which could pose a potential impediment to training performance. 
Therefore, as part of a two-part experiment the purpose of Experiments 1 and 2 were to 
investigate if carbohydrate intake would affect resistance training performance. The purpose of 
Experiment 1 was to specifically investigate if the ingestion of a liquid CHO prior to resistance 
training would enhance training volume of an acute, squat training session. The purpose of 
Experiment 2 was to specifically investigate if the ingestion of various doses of a liquid CHO 
prior to resistance training would enhance training volume of an acute, squat training session. 
The second experiment was a continuation of Experiment 1 and built on the first experiment by 
altering the concentration of CHO received by participants. The purpose of the Experiment 3 
was to investigate if CHO mouth rinse would affect resistance training performance. 
Specifically, investigating if the ingestion of a CHO mouth rinse immediately prior to training 
sets of squats would enhance training volume of an acute, squat training session. Experiment 3 
built on the first two experiments by providing information that could be valuable to those who 
do not wish to ingest CHO prior to activity while potentially providing ergogenic benefit. 
The results and recommendations of this dissertation can be used by athletes and strength and 
conditioning professionals to improve awareness and planning of nutrition, with alternative 
intake methodologies, to optimize training programs based on individual needs. 
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INVESTIGATION OF ACUTE RESPONSE TO CARBOHYDRATE IN 
SUBSEQUENT RESISTANCE TRAINING. PART 1 
 
 
Significance of the Chapter 
The purpose of this chapter is to describe Experiment 1 of a two-part experiment 
forming the basic framework for the dissertation by analyzing intake of a common 
concentration of CHO solution prior to a squat training session. In the dissertation document, 
Part 1 is referred to as Experiment 1, Part 2 is referred to as Experiment 2. However, it is 
important to note that all subjects completed the same experimental conditions and the 
analysis of each experiment was focused on specific conditions. 
For Experiment 1 of this study, all dependent variables were evaluated using within-
subjects analysis. Training volume, body mass, and body fat percentage were each analyzed 
between conditions using 1 x 5 (Intake) repeated measures ANOVA. The analysis was focused 
on planned comparisons (water vs. sham, water vs. CHO, sham vs. CHO). Blood glucose and 
blood lactic acid were analyzed for time (pre, post) between conditions using a 2 (Time) x 5 
(Intake) repeated measures ANOVA. Part 1 analyzed only three of the five conditions (water, 
sham, 9% CHO). The next chapter will discuss Experiment 2 of the study and include analysis of 
the remaining two conditions. Eccentric and concentric work and concentric power were 
analyzed for each set of each condition using a 5 (Intake) x 5 (Set per intake) repeated 
measures ANOVA.  
 
Authors: Damon McCune, John Mercer, James Navalta, Jack Young, Tim Bungum 
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Abstract 
The purpose of this investigation was to evaluate if carbohydrate (CHO) intake would affect 
resistance training performance. Specifically, investigating if the ingestion of a liquid CHO prior 
to resistance training would enhance training volume of an acute, squat training session. 
Methods: 16 participants (males = 14; females = 2), mean age 29 ± 8.8 years, with resistance 
training experience (>1 year) and ability to squat 61.4 kg for at least ten repetitions completed 
five conditions (water, sham, or 9% CHO, 18% CHO, 4.5% CHO) and performed a squat protocol 
consisting of five sets with 180 seconds rest between sets. The first three sets consisted of ten 
repetitions while the fourth and fifth set consisted of repetitions to voluntary termination. 
Training volume was calculated by multiplying total repetitions and then multiplying by load 
used. As Experiment 1 of a two-part study, training volume was analyzed between conditions 
using one-by-five repeated measures ANOVA and the analysis for Experiment 1 are focused on 
planned comparisons of three of the five conditions (water, sham, 9% CHO).  Results: Training 
volume was not different between conditions (F4,60 = 1.687, p = 0.165). Training volume was not 
different between planned comparisons (water vs. sham p = 0.999, water vs. CHO p = 0.998, 
sham vs. CHO p = 0.989). Conclusion: The primary observation of this experiment was that 
ingestion of a liquid CHO drink prior to training did not enhance training volume during an 
acute, squat training session.  
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Introduction 
Resistance training has been shown to have several positive benefits to health including 
increasing muscle size and strength, reducing risk of sarcopenia with aging, and is associated 
with reduced risk of mortality [1-11]. A cornerstone in accomplishing these goals is to 
progressively overload the muscle by increasing training volume to promote muscle protein 
synthesis following training stimulation [1, 7, 12]. Total training volume has been demonstrated 
in the literature to be a prime determinant of muscle hypertrophy and overall training 
performance [1, 7, 9, 13-20]. Appropriate nutrition is crucial to maximize training volume when 
training demands are high. Current research investigating nutrition related to exercise is well-
documented to address how macronutrient consumption affects performance in endurance 
exercise [21-30]; however, there are inconclusive data related to appropriate timing, intake, 
and macronutrient composition of meals relative to fueling resistance training sessions.  
Generally speaking, 24%-40% of muscle glycogen stores can be depleted during an acute 
resistance training session depending on intensity, duration, and overall workload [31-39]. 
Robergs et al. [38] demonstrated that the amount of glycogen utilized during a resistance 
training session is related to overall workload of the session which is a function of volume. 
Robergs et al. [38] suggest that muscle glycogenolysis was significantly greater when a load of 
70% one repetition maximum (1-RM) was used versus a 35% 1-RM equated for volume[38].  
Even though peak power has been demonstrated to be reached in the squat between 
loads equivalent to 0-60% 1-RM [40, 41], many current training protocols include intensities in 
the 70%-85% 1-RM range [9, 10, 42, 43].  Requiring substantial workload could lead to an 
increase in muscle glycogenolysis and pose a potential impediment to training performance if 
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muscle glycogen levels are reduced or depleted. Decreases in muscle glycogen have 
demonstrated increased muscle weakness as well as reduced maximal isometric strength and 
reduced maximal isokinetic force production during training [31, 39, 44]. Therefore, any 
methods that could attenuate the depletion of muscle glycogen stores may have an ergogenic 
effect on acute resistance training performance. For example, ingesting a drink containing 
carbohydrate (CHO) may be a way to enhance training performance.  
There are different methodologies to include CHO in a nutrition strategy related to 
activity including ingestion of solid foods, drinks, gels, and mouth rinse (for those who do not 
prefer to ingest CHO), for example. The current literature related to CHO supplementation for 
resistance training [34-36, 45, 46] has gained attention; however, these studies are highly 
varied in duration and intensity of the training protocol. Haff et al. [34] suggests that duration 
and volume play a significant role in the amount of muscle glycogenolysis that occurs in 
response to the training session. In general, the protocols that found CHO supplementation to 
have an ergogenic benefit were of lower intensity (<70% 1-RM) and lasted longer than 55 
minutes [31, 34-36, 38, 45, 46]. Over the course of the training session, the greater reliance on 
blood glucose appears to be directly related to the duration and volume of work completed. 
Although, number of participants for these investigations were very low (n = 9 or less) [31, 34-
36, 38, 39, 44-46]. Research on endurance athletes has observed that muscle glycogen may be 
spared if glucose is supplied via hepatic production and from circulating blood glucose [47-53]. 
Therefore, knowledge of blood glucose surrounding activity could be beneficial in formulating a 
CHO strategy. 
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Based on the current body of scientific literature, it is suggested that the use of CHO 
may result in improvements in markers of acute resistance training performance. To the 
ledge, no published studies have examined the performance of CHO on acute 
resistance training sessions with more than 10 participants using a multi-set, total-body, squat 
protocol at intensities <75% 1-RM lasting less than 30 minutes. The purpose of this 
investigation was to evaluate if CHO intake would affect resistance training performance. As 
Experiment 1 of a two-part experiment, the purpose of Experiment 1 was to specifically 
investigate if the ingestion of a liquid CHO prior to resistance training would enhance training 
volume of an acute, squat training session. 
Methods 
As Part 1 of a two-part experiment, all subjects completed all conditions that were used for 
both experiments. Each experiment was focused on specific conditions. Experiment 1 
specifically investigated if the ingestion of a liquid CHO prior to resistance training would 
enhance training volume of an acute, squat training session. 
Participants 
Participants (n=16; male = 14, females = 2) had a mean age 29 ± 8.8 years, resistance 
training experience (>1 year), and the ability to squat 61.4 kg for at least 10 repetitions. All 
participants reported to the laboratory to review and sign the informed consent document. 
Participants were asked to not alter their regular nutritional intake prior to completing the 
experiment. A three-day food log was completed by participants to assess glycogen stores. The 
food log also served as a guide for eating prior to return visits in that participants were 
instructed to follow the same diet prior to each visit. Data from the food log were not analyzed. 
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Instrumentation 
Body weight and body composition were assessed using InBody (770, Cerritos, CA) upon 
arrival in a fasted state prior to consumption planned for condition. Each condition was 
conducted on different days. Following ingestion of condition beverage. A finger-stick blood 
draw was used in each condition to assess blood glucose and blood lactic acid immediately 
prior to the exercise in each condition and immediately following completion of the condition. 
The squat exercise used in each condition was conducted on dual force platforms (Pasco 
Pasport 2-Axis Force Platform, Roseville, CA). Blood glucose and blood lactic acid were 
measured with glucometer Contour Next (Parsippany, NJ) and Lactate Scout (EKF, Boerne, TX). 
Ground reaction force data were collected at a rate of 1000 Hz and processed using custom 
software Matlab (R2011b). Conditions were randomized for all participants. 
Conditions consisted of: 
Drink 1 (Control): Water was used as a control solution in the same amount of total fluid 
(500 ml). 
Drink 2 (Sham): Sham carbohydrate mixture consisted of non-nutritive sweetened 
beverage (Crystal Light) in the same amount of total fluid (500 ml). 
Drink 3 (Experimental): Liquid carbohydrate mixture consisted of a 1:2 ratio of 
fructose:glucose (15g:30g) diluted into a total of 500 ml of solution with water. This will 
create a 9% carbohydrate solution.  
Drink 4 (Experimental): Liquid carbohydrate mixture consisted of a 1:2 ratio of 
fructose:glucose (30g:60g) diluted into a total of 500 ml of solution with water. This will 
create a 18% carbohydrate solution. 
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Drink 5 (Experimental): Liquid carbohydrate mixture consisted of a 1:2 ratio of 
fructose:glucose (8g:15g) diluted into a total of 500 ml of solution with water. This will 
create a 4.5% carbohydrate solution. 
For the purpose of Part 1, the analysis was focused on Drinks 1, 2, and 3. For the purpose of 
Part 2 (Chapter 3), the analysis was focused on Drinks 3, 4, and 5. 
Procedures 
For each condition, participants reported to the laboratory in a fasted state (water only 
8 hours prior [54, 55]) and completed a squat protocol. Each condition was completed on 
different test days with at least 48 hours and maximum of seven days between each test day. 
Participants completed the same squat protocol on each test day after consuming the drink 
condition for that test day. Conditions were randomized to reduce the probability that a 
training effect would influence results.  
Body composition was assessed prior to intake of drink. All drink conditions were 
consumed 30 minutes prior to completing the squat protocol. The squat protocol consisted of 
five sets of barbell squats using 61.4 kg while standing on dual force platforms with 180 
seconds rest between sets. The first three sets consisted of 10 repetitions. During the fourth 
and fifth sets, participants were instructed to perform repetitions until voluntary termination 
[56]. Participants were allowed a self-selected light warmup immediately prior to squatting. 
During all squat exercises, subjects placed each foot on a separate force platform. Data 
collection for ground reaction forces began before the start of the first repetition and ended 




Eccentric and concentric work and concentric power were calculated using ground 
reaction force data over the time period beginning the start of the movement to the end of the 
last repetition in the set. Ground reaction force data in the vertical direction for each foot were 
combined (i.e., summed) to generate a total vertical ground reaction force.  The acceleration 
com where the two forces acting on the 
system were gravity and ground reaction force. Acceleration was determined by rearranging 
the equation to be:  
com 
(FGRF  FGravity) = macom 
acom = (FGRF  FGravity)/m 
Where FGRF = the ground reaction force 
FGravity = the force gravity acting on the system (i.e., body weight + weight lifted) 
m = mass of the system (i.e., mass of person + mass of the weight lifted) 
acom = acceleration of the center of mass of the system 
The vertical velocity of the center of mass during the squat was calculated by integrating 
the acceleration profile. Power was calculated as the product of force and velocity (P = FGRF · v) 
for eccentric and concentric phases of the squat and totals were averaged for each set of each 
condition and normalized to body mass (W/kg). Work performed during eccentric and 
concentric phases of the squat was calculated by integrating the Power vs. time plot for each 
phase. Totals were normalized to body mass (J/kg). All dependent variables were evaluated 
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using within-subjects analysis. Training volume was calculated by multiplying total repetitions 
and then multiplying by weight of load used.  
Statistical Analysis 
All statistics were computed using IBM SPSS Statistics 24 and Microsoft Excel (Version 
1908). Training volume, body mass, and body fat percentage were each analyzed between 
conditions using 1 x 5 (Intake) repeated measures ANOVA. Experiment 1 of the study focused 
on the following planned comparisons between conditions: water vs. sham, water vs. 9% CHO, 
sham vs. 9% CHO. Planned comparisons were conducted using paired t-tests regardless of F-
ratio outcome. The alpha level was set to 0.05. 
Training Volume 
 Dependent Variable (DV)  Training Volume 
 Independent Variable (IV)  Intake (water, sham, 9%, 18%, 4.5%) 
Body Mass 
 DV  Body Mass 
 IV  Intake (water, sham, 9%, 18%, 4.5%) 
Body Fat Percentage 
 DV  Body Fat Percentage 
 IV  Intake (water, sham, 9%, 18%, 4.5%) 
 Blood glucose as well as blood lactic acid were each analyzed using a 2 (Time: pre, post) 
x 5 (Intake) repeated measures ANOVA. Experiment 1 focused on planned comparisons for 
blood glucose as well as blood lactic acid between intake conditions (water vs. sham, water vs. 
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CHO, sham vs. CHO) for each time period (i.e., pre, post) using paired t-tests. The alpha level 
was set to 0.05. 
Blood Glucose 
 DV  Blood Glucose 
 IV  Time (Pre, Post) and Intake (water, sham, 9%, 18%, 4.5%) 
Blood Lactic Acid 
 DV  Blood Lactic Acid 
 IV  Time (Pre, Post) and Intake (water, sham, 9%, 18%, 4.5%) 
Eccentric and concentric work as well as power were analyzed for each set of each 
condition using a 5 (Intake) x 5 (Set) repeated measures ANOVA. Experiment 1 focused on 
planned comparisons for eccentric and concentric work as well as concentric power between 
intake conditions (water vs. sham, water vs. CHO, sham vs. CHO). Planned comparisons were 
conducted using paired t-tests. The alpha level was set to 0.05. 
Concentric Power 
 DV  Concentric Power 
 IV  Intake (water, sham, 9%, 18%, 4.5%) and Set  
Eccentric Work 
 DV  Eccentric Work  
 IV  Intake (water, sham, 9%, 18%, 4.5%) and Set  
Concentric Work 
 DV  Concentric Work  
 IV  Intake (water, sham, 9%, 18%, 4.5%) and Set  
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 The statistical significance threshold for all analysis was set a priori  
Results 
Volume 
 Training volume was not influenced by intake (F4,60 = 1.687, p = 0.165, Figure 1). 
Furthermore, there was no difference in training volume between any of the planned 
comparisons (Figure 1, Table 1). 
 





Table 1. Training Volume planned comparison results. 
Condition p Value 
Water vs. Sham 0.827 
Water vs. CHO 0.457 
Sham vs. CHO 0.363 
 
Blood Glucose  
 
Blood glucose was observed to be influenced by the interaction between intake 
condition and time (F4,60 = 45.154, p <0.001, Figure 2). Planned comparisons revealed that 
blood glucose was different pre vs. post during the CHO condition (p <0.001, Figure 2), but 
blood glucose was not different pre vs. post during the water (p = 0.374 Figure 2, Table 2) or 
sham conditions (p = 0.199, Figure 2, Table 2). 
 






Table 2. Blood Glucose planned comparison results. Note: * indicates p <0.05. 
Condition p Value 
Water Pre vs. Sham Pre 0.984 
Water Post vs. Sham Post 0.313 
Water Pre vs. CHO Pre <0.001* 
Water Post vs. CHO Post 0.047 
Sham Pre vs. CHO Pre <0.001* 
Sham Post vs CHO Post 0.309 
Water Pre vs. Water Post 0.374 
Sham Pre vs. Sham Post 0.199 
CHO Pre vs CHO Post <0.001* 
 
Blood Lactic Acid  
Blood lactic acid was influenced by the interaction of Time (pre, post) and Intake 
condition (F1,15 = 235.005, p <0.001, Figure 3). Blood lactic acid was different within intake 
conditions when comparing pre and post (water p <0.001, sham p <0.001, CHO p <0.001, Figure 
3). However, blood lactic acid was not different when comparing between intake conditions 
between pre (p >0.05, Table 3) or post (p >0.05, Table 3) according to planned comparisons 
(Figure 3, Table 3). 
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Table 3. Blood Lactic Acid planned comparison results. Note: * indicates p <0.05. 
Condition p Value 
Water Pre vs. Sham Pre 0.708 
Water Post vs. Sham Post 0.235 
Water Pre vs. CHO Pre 0.837 
Water Post vs. CHO Post 0.077 
Sham Pre vs. CHO Pre 0.877 
Sham Post vs CHO Post 0.425 
Water Pre vs. Water Post <0.001* 
Sham Pre vs. Sham Post <0.001* 







Body Mass  
Body mass was not observed to be different between intake conditions (F4,60 = 2.072, p = 0.096, 
Figure 4), and body fat percentage was not observed to be different between intake conditions 
(F4,60 = 0.872, p = 0.486, Figure 5). 
 





Figure 5. Body fat percentage for each intake condition (each condition was tested on separate days). Values are 





 Eccentric work was not influenced by an interaction between intake condition and set 
(F16,240 = 0.916, p = 0.551, Figure 6). Eccentric work was observed to be different between sets 
(F4,60 = 25.233, p <0.001, Figure 6). Eccentric work during set 4 was different compared to sets 
1-3 (Figure 6, Table 4) and set 5 (water vs. sham p = 0.011, water vs. CHO p = 0.031, sham vs. 
CHO p = 0.021, Figure 6, Table 4). Eccentric work during set 5 was different from sets 1-3 
(Figure 6, Table 4); however, no difference was observed between sets 1-3 (Figure 6, Table 4) 
between intake conditions. 
Concentric work was not influenced by an interaction between intake condition (water, 
sham, CHO) and set (each of the 5 sets per condition) (F16,240 = 0.937, p = 0.390, Figure 7). 
Concentric work was observed to be different between sets (F4,60 = 25.233, p <0.001, Figure 7). 
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Set 4 was different compared to sets 1-3 (Figure 7, Table 4) and set 5 (water vs. sham p = 0.011, 
water vs. CHO p = 0.31, sham vs. CHO p = 0.021, Figure 7, Table 4). Set 5 was significantly 
different from sets 1-3 (water vs. sham p = 0.001, water vs. CHO p = 0.001, sham vs. CHO p = 
0.001, Figure 7, Table 4); however, no difference was observed between sets 1-3 between 
intake conditions (Figure 7, Table 4).  
 
Figure 6. Eccentric work performed for each set of each intake condition. Values are mean ± Standard Error. Note: 













Figure 7 Concentric work performed for each set of each intake condition. Values are mean ± Standard Error. Note: 












Table 4. Planned comparison results. Note: * indicates p <0.05. 
Eccentric Work 
Water Sham CHO Water vs. Sham Water vs. CHO Sham vs. CHO 
1 vs. 2 0.999 1 vs. 2 0.989 1 vs. 2 0.999 1 vs. 2 0.999 1 vs. 2 0.999 1 vs. 2 0.999 
1 vs. 3 0.998 1 vs. 3 0.998 1 vs. 3 0.998 1 vs. 3 0.998 1 vs. 3 0.998 1 vs. 3 0.998 
1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 
1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 
2 vs. 3 0.989 2 vs. 3 0.989 2 vs. 3 0.989 2 vs. 3 0.989 2 vs. 3 0.989 2 vs. 3 0.989 
2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 
2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 
3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 
3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 
4 vs. 5 0.021* 4 vs. 5 0.021* 4 vs. 5 0.031* 4 vs. 5 0.011* 4 vs. 5 0.031* 4 vs. 5 0.021* 
 
Concentric Work 
Water Sham CHO Water vs. Sham Water vs. CHO Sham vs. CHO 
1 vs. 2 0.999 1 vs. 2 0.989 1 vs. 2 0.979 1 vs. 2 0.988 1 vs. 2 0.968 1 vs. 2 0.947 
1 vs. 3 0.998 1 vs. 3 0.988 1 vs. 3 0.986 1 vs. 3 0.998 1 vs. 3 0.978 1 vs. 3 0.948 
1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 
1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 
2 vs. 3 0.989 2 vs. 3 0.979 2 vs. 3 0.989 2 vs. 3 0.989 2 vs. 3 0.989 2 vs. 3 0.989 
2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 
2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 
3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 
3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 
4 vs. 5 0.021* 4 vs. 5 0.031* 4 vs. 5 0.022* 4 vs. 5 0.011* 4 vs. 5 0.041* 4 vs. 5 0.021* 
 
Concentric Power 
Water Sham CHO Water vs. Sham Water vs. CHO Sham vs. CHO 
1 vs. 2 0.628 1 vs. 2 0.722 1 vs. 2 0.798 1 vs. 2 0.588 1 vs. 2 0.817 1 vs. 2 0.812 
1 vs. 3 0.002* 1 vs. 3 0.693 1 vs. 3 0.879 1 vs. 3 0.746 1 vs. 3 0.789 1 vs. 3 0.796 
1 vs. 4 0.025* 1 vs. 4 0.012* 1 vs. 4 0.014* 1 vs. 4 0.014* 1 vs. 4 0.015* 1 vs. 4 0.011* 
1 vs. 5 0.088 1 vs. 5 0.023* 1 vs. 5 0.028* 1 vs. 5 0.018* 1 vs. 5 0.025* 1 vs. 5 0.013* 
2 vs. 3 0.086 2 vs. 3 0.979 2 vs. 3 0.657 2 vs. 3 0.762 2 vs. 3 0.652 2 vs. 3 0.755 
2 vs. 4 0.015* 2 vs. 4 0.017* 2 vs. 4 0.032* 2 vs. 4 0.021* 2 vs. 4 0.014* 2 vs. 4 0.029* 
2 vs. 5 0.018* 2 vs. 5 0.022* 2 vs. 5 0.029* 2 vs. 5 0.027* 2 vs. 5 0.019* 2 vs. 5 0.017* 
3 vs. 4 0.032 3 vs. 4 0.012* 3 vs. 4 0.011* 3 vs. 4 0.018* 3 vs. 4 0.023* 3 vs. 4 0.012* 
3 vs. 5 0.022* 3 vs. 5 0.019* 3 vs. 5 0.027* 3 vs. 5 0.029* 3 vs. 5 0.032* 3 vs. 5 0.016* 





 Concentric power was not influenced by an interaction between Intake condition and 
Set (5 sets per condition) (F4,60 = 0.775, p = 0.490, Figure 8). Concentric power was not observed 
to be different between sets (p = 0.813, Figure 8) or intake condition (p = 0.518, Figure 8) (i.e. 
no main effect). However, concentric power was observed to be different in planned 
comparisons between sets 1 vs. 4 (water vs. sham p = 0.014, water vs. CHO p = 0.015, sham vs. 
CHO p = 0.011, Table 4, Figure 8), 1 vs. 5 ( water vs. sham p = 0.018, water vs. CHO p = 0.025, 
sham vs. CHO p = 0.013, Table 4, Figure 8), 2 vs. 4 ( water vs. sham p = 0.021, water vs. CHO p = 
0.014, sham vs. CHO p = 0.029, Table 4, Figure 8), 2 vs. 5 ( water vs. sham p = 0.027, water vs. 
CHO p = 0.019, sham vs. CHO p = 0.017, Table 4, Figure 8), 3 vs. 4 ( water vs. sham p = 0.018, 
water vs. CHO p = 0.023, sham vs. CHO p = 0.012, Table 4, Figure 8), and 3 vs. 5 ( water vs. sham 
p = 0.029, water vs. CHO p = 0.032, sham vs. CHO p = 0.016, Table 4, Figure 8) and 4 vs. 5 (water 
vs. sham p = 0.022, water vs. CHO p = 0.016, sham vs. CHO p = 0.027,). Concentric power was 
not different between sets 1 vs. 2 (water vs. sham p = 0.588, water vs. CHO p = 0.817, sham vs. 
CHO p = 0.812, Table 4, Figure 8) 1 vs. 3 (water vs. sham p = 0.746, water vs. CHO p = 0.789, 
sham vs. CHO p = 0.796, Table 4, Figure 8) and 2 vs. 3 ( water vs. sham p = 0.762, water vs. CHO 








The primary finding of this investigation was that liquid CHO ingestion prior to squat 
protocol did not enhance training volume during an acute, squat training session. This result 
was unexpected as several published investigations have suggested that CHO ingestion elicits 
an ergogenic effect on acute bouts of exercise [17, 23, 31, 34, 35, 38, 39, 44-46, 57-61]. 
However, results from several components of the experiment were as expected such as blood 
glucose and blood lactic acid response, power, and work. Blood glucose was observed to be 
within normal range according to American Diabetes Association (ADA) standards when 
receiving water and sham prior to squat protocol (Figure 2, <100 mg/dl) [62]. An increase in 
blood glucose was observed within normal post-prandial range also according to ADA standards 
(Figure 2, 151 mg/dl ± 17.6 mg/dl) [53, 62] after CHO consumption and a decrease in circulating 
blood glucose was observed after squat protocol (Figure 2). Colberg et al. [53] observed a 32.7 
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mg/dl ± 44.1 mg/dl change in circulating glucose following moderate activity. Meaning that 
available circulating blood glucose was reduced by activity. Data from the present experiment is 
similar to observations by Colberg et al. [53] when blood glucose was elevated prior to squat 
protocol in the CHO intake condition with mean changes 62.5 mg/dl ± 26.15 md/dl (Figure 2)  
[53].  
Blood lactic acid was observed lower prior to squat protocol (Figure 3, Table 2, 2.3 
mmol/l ± 1.6 mmol/l) and increased following squat protocol [60]. Van Loon et al. [60] observed 
nearly a five-fold change in blood lactic acid following various intensities of exercise with the 
greatest result reaching 29.5 mmol/L ± 2.4 mmol/L. Data from the current experiment agrees 
with the available data in the literature with mean changes reflecting a lower blood lactic acid 
level prior to squat protocol with a five-fold change pre-post squat protocol in all intake 
conditions (9.92 mmol/L ± 4.6 mmol/L) (Figure 3, Table 2) [60]. 
Concentric power was observed to be consistent throughout all sets and intake 
conditions with mean W/Kg ranging from 3.096 to 4.00 W/Kg (Figure 8, 83.3 ± 9.5 kg mean 
body mass, 258  333 W ± 33 W). Participants were self-selecting repetition speed and cadence 
which is similar to observations by Siegel et al. [41]. Eccentric and concentric Work was 
observed to be greater in sets with higher repetitions. Training volume observed in the present 
experiment was reasonable when considering all participants were using a load <75% 1-RM 
with predicted 1-RM squat of <227.2 kg using Brzycki formula [63]. 
Blood Glucose 
The current literature related to CHO supplementation for resistance training [34-36, 45, 
46] suggests that duration and volume play a significant role in the amount of muscle 
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glycogenolysis that occurs in response to the training session. In general, the protocols that 
reported CHO supplementation to have an ergogenic benefit were of lower intensity (<70% 1-
RM) and lasted longer than 55 minutes [31, 34-36, 38, 45, 46]. Over the course of the training 
session, the greater reliance on blood glucose appears to be directly related to the duration and 
volume of work completed [31, 34-36, 38, 39, 44-46]. However, no benefit was observed on 
training volume in this experiment from the utilization of available blood glucose during squat 
protocol. Future investigation examining muscle glycogen and reliance on blood glucose would 
be recommended. 
Previous investigation demonstrated that training volume could be enhanced by 
supplementing CHO [45]. Although, these findings were demonstrated on a very small 
population (n=8) and using a multiple training session per day protocol where the significance 
was found in activity of longer duration >35 minutes [45]. The amount of time could have an 
impact on exogenous glucose reliability as the previous literature suggests [31, 33-39, 44-46]; 
however, the blood glucose pre-post data from the present experiment observed mean 
changes in blood glucose when blood glucose was elevated prior to squat protocol (Figure 2) 
suggesting that exogenous glucose was utilized during the squat protocol with no enhancement 
in training volume. Therefore, available blood glucose may not be the only critical factor in 
resistance training performance. Training time of this investigation, while variable between 
participants, did not take longer than 30 minutes. While there are exercise programs designed 
for short duration, those participating in these shorter duration sessions may not benefit from 
CHO ingestion. It is understood that a confounding factor of this experiment was that 
participants were allowed a light warmup after ingesting the planned condition which could 
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have had an effect on circulating blood glucose. However, blood glucose data prior to squat 
protocol was still much higher than water and sham conditions and did not reveal an ergogenic 
effect (Figure 2).  
This investigation explored the use of CHO while using a load that was <75% 1-RM. 
Roberg et al. [38] suggested the rate of muscle glycogenolysis was significantly greater at 70% 
1RM compared to 35% 1RM. Therefore, another possibility as to why no benefit was observed 
could be the lower level of intensity used in this investigation did not elicit enough muscle 
glycogenolysis for the exogenous CHO ingestion to become a significant factor. 
Neuromuscular fatigue 
Neuromuscular fatigue has been demonstrated to be related to workload [44, 64] and 
potentially ameliorated by CHO mouth rinsing [65]. Therefore, the more work performed in a 
training session could be a factor by which CHO ingestion results in an ergogenic aid. There is 
potential that a protocol with more sets and repetitions could create a greater reliance on 
exogenous CHO to ameliorate neuromuscular fatigue. It is understood that a confounding 
factor of this experiment was that the initial phase of the squat was not performed from an 
absolute zero acceleration due to stabilization of the barbell upon setting stance. This was 
addressed by comparing the sum of work performed in eccentric and concentric phases. The 
sum was nearly zero for all sets of all conditions reflecting that our measurements began as 
close to zero acceleration as possible. 
It is understood that a limitation of this experiment was that the participants were 
allowed to perform repetitions in a self-selected range of motion (ROM). Alterations in ROM 
could potentially have an impact on overall performance. The authors of the current study were 
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attempting to provide the most real-world simulation of squat protocol and therefore made the 
decision to allow participants to self-select their ROM. Haff et al. (1999) demonstrated the use 
of self-selected ROM in their data [45].  
Practical Application 
The most significant finding of this investigation is that even in a fasted state, the 
participants were able to perform the same amount of training volume across different drink 
conditions (i.e., water, sham, CHO). Previous literature suggests that training volume would be 
decreased if performed in a fasted state [66, 67]. Muscle glycogen was not assessed in the 
participants at the time of testing. Additional behavior such as sleep patterns were not able to 
be controlled for. Poor sleep could elicit a decrease in athletic performance [68-70]. Facilities 
with a metabolic housing unit would be most suited to account for this and many other 
behavioral variables.  
From a practical standpoint, it is conjectured that if someone were training early in the 
morning and was not able to consume food, they may still be able to perform the same amount 
of volume to keep their training program on track if this scenario were to only happen 
occasionally (<2 times per week). Training volume appears to be the primary driver of muscle 
hypertrophy [2, 6, 7, 9, 10, 12, 71-74]. Therefore, maintaining training volume throughout a 
training program could have significant impact on the hypertrophy outcome of the program for 
the individual and thus lead to greater performance long-term.  
Suggestions for future investigation would include altering the dose of carbohydrate 




 In conclusion, liquid CHO ingestion prior to training does not enhance training volume 
during an acute, multi-set squat protocol. CHO ingestion may not be needed for bouts of 
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INVESTIGATION OF ACUTE RESPONSE TO CARBOHYDRATE IN 
SUBSEQUENT RESISTANCE TRAINING. PART 2 
Significance of the Chapter 
The previous chapter reported training volume was not influenced by carbohydrate 
(CHO) intake prior to an acute squat training session. However, it was not clear if the 
concentration of CHO may play a role in whether or not there is an influence on training 
volume. Thus, the concentration of CHO was the focus of Chapter 3. The purpose of this 
experiment was to investigate if the ingestion of various doses of a liquid CHO prior to 
resistance training would enhance training volume of an acute, squat training session. In this 
chapter, concentration of CHO is discussed in relation to training volume, blood glucose, blood 
lactic acid, work, and power. 
For this portion of the dissertation, all subjects from Experiment 1 also completed all of 
these conditions. Conditions in the present experiment were a different CHO concentration. In 
this part of the dissertation, the focus of the analysis was on a comparison of the CHO 
concentrations as to whether or not training volume was influenced by concentration.  
 




The purpose of this investigation was to investigate if the ingestion of various 
concentrations of a liquid carbohydrate (CHO) prior to resistance training would enhance 
training volume of an acute, squat training session. Methods: These methods are identical to 
Experiment 1. Experiment 1 focused on comparison of three of the five conditions (water, 
sham, 9% CHO). Experiment 2 focused on the comparison of 9% CHO to the other CHO 
concentrations (18% and 4.5% CHO). 16 participants (males = 14; females = 2), 29±8.8 years, 
83.3±9.7 kg, 175.26±7.62 cm, with resistance training experience (>1 year) and ability to squat 
61.4 kg for at least ten repetitions completed five conditions (water, sham, 9%, 18%, 4.5% 
CHO). Experiment 1 investigated three conditions (water, sham, 9% CHO). This experiment 
represents Experiment 2 and the focus of the analysis was on the three CHO conditions (9%, 
18%, 4.5%). For each condition, each subject completed 5 sets with 180 seconds rest between 
sets. The first three sets consisted of ten repetitions while the fourth and fifth sets consisted of 
repetitions to voluntary termination. Training volume was calculated by multiplying total 
repetitions and then multiplying by load used. Training volume was analyzed between 
conditions using one-by-five, repeated measures ANOVA. For Experiment 2, conditions 9%, 
18%, and 4.5% CHO were the focus of the analysis and compared to each other using planned 
comparisons. Results: Training volume was not different between conditions (F4,60 = 1.687, p = 
0.165). Training volume was not different between planned comparisons (9% vs. 18% p = 0.633, 
18% vs. 4.5% p = 0.998); however, using planned comparisons it was determined that training 
volume was different between 9% vs. 4.5% (p = 0.028). Conclusion: The primary observation of 
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this experiment was that ingestion of various doses of a liquid CHO prior to training did not 




Based on observations from Part 1 of this dissertation, it was determined that 
carbohydrate (CHO) intake prior to an acute squat training session does not increase training 
volume. However, it was not clear if the concentration of CHO supplementation would have an 
impact on training volume. Current literature related to CHO supplementation for resistance 
training [1-5] has gained attention; however, these studies are highly varied in duration and 
intensity of the training protocol as well as variation in the concentration and composition of 
CHO used. It is important to note that dosage and concentration can be independent factors 
when formulating a solution. In the present experiment, all solutions were diluted to a 500 ml 
solution. Therefore, the change in dosage of carbohydrate also altered the concentration of the 
solution.  
Haff et al. [1] suggests that duration and volume play a significant role in the amount of 
muscle glycogenolysis that occurs in response to the training session. Researchers observed 
that a high CHO concentration solution (20%) may have an ergogenic benefit at a lower 
intensity (equivalent to <70% 1-repetition maximum (1-RM)), lasted longer than 55 minutes. 
Additionally, protocols used a high percentage CHO solution (20%) that did not equate for a 2:1 
ratio of glucose:fructose [1-7]. Over the course of the training session, the greater reliance on 
blood glucose appears to be directly related to the duration and volume of work completed [1-
9] . Although, number of participants for these investigations were very low and included no 
female participants (n = 9 or less) [1-9]. 
Based on the current body of scientific literature, researchers suggest that the 
concentration of CHO may result in improvements in markers of acute resistance training 
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performance such as increased training volume, increased power, and increased work 
performed [1-6, 8, 10-15]
various concentrations of CHO on the performance of acute resistance training sessions with 
more than 10 participants, using a multi-set squat protocol at intensities <75% 1-RM lasting less 
than 30 minutes. The purpose of this investigation was to evaluate if carbohydrate 
concentration would affect resistance training performance. Specifically, investigating if the 
ingestion of various doses of a liquid CHO prior to resistance training would enhance training 
volume of an acute, squat training session. 
Methods 
Note: This is the same experiment described in Part1 with the exact same participants. In this 
experiment, the focus of the analysis was on the CHO 9%, 18%, and 4.5% concentration drinks.  
Participants 
Participants (n=16; male = 14, females = 2), mean age 29 ± 8.8 years, body mass 83.3 ± 
9.7 kg, height 175.26 ± 7.62 cm, with resistance training experience (>1 year) and the ability to 
squat 61.4 kg for at least 10 repetitions completed all three conditions of the experiment. All 
participants reported to the laboratory to review and sign the informed consent document. 
Participants were asked to not alter their regular nutritional intake prior to completing the 
experiment. A three-day food log was completed by participants to assess glycogen stores. The 
food log also served as a guide for eating prior to return visits in that participants were 





Body weight and body composition (using InBody 770, Cerritos, CA) were taken upon 
arrival prior to consumption planned for any condition. Conditions were conducted on different 
days. A finger-stick blood draw was used in each of the three conditions to assess blood glucose 
and blood lactic acid immediately prior to the squat protocol and immediately following 
completion of the squat protocol. The squat protocol was conducted on dual force platforms 
(Pasco Passport 2-Axis Force Platform, Roseville, CA). Glucose and lactic acid were measured 
before and after the squat protocol using a finger stick with glucometer (Contour Next, 
Parsippany, NJ) and Lactate Scout (EKF, Boerne, TX). Ground reaction forces data were collected 
at a rate of 1000 Hz and processed using custom software Matlab (R2011b). Conditions were 
randomized for all participants.  
Conditions consisted of: 
Drink 1 (Control): Water was used as a control solution in the same amount of total fluid 
(500 ml). 
Drink 2 (Sham): Sham carbohydrate mixture consisted of non-nutritive sweetened 
beverage (Crystal Light) in the same amount of total fluid (500 ml). 
Drink 3 (Experimental): Liquid carbohydrate mixture consisted of a 1:2 ratio of 
fructose:glucose (15g:30g) diluted into a total of 500 ml of solution with water. This will 
create a 9% carbohydrate solution.  
Drink 4 (Experimental): Liquid carbohydrate mixture consisted of a 1:2 ratio of 
fructose:glucose (30g:60g) diluted into a total of 500 ml of solution with water. This will 
create a 18% carbohydrate solution. 
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Drink 5 (Experimental): Liquid carbohydrate mixture consisted of a 1:2 ratio of 
fructose:glucose (8g:15g) diluted into a total of 500 ml of solution with water. This will 
create a 4.5% carbohydrate solution. 
Procedures 
For each condition, participants reported to the laboratory in a fasted state (water only 
8 hours prior [16, 17]) and completed a squat protocol. Each condition was completed on 
different test days with at least 48 hours and maximum of seven days between each test day. 
Participants completed the same squat protocol on each test day after consuming the drink 
condition for that test day.  
Body composition was assessed prior to intake of drink. All drink conditions were 
consumed 30 minutes prior to completing the squat protocol. The squat protocol consisted of 
five sets of barbell squats using 61.4 kg while standing on dual force platforms with 180 
seconds rest between sets. The first three sets consisted of 10 repetitions. During the fourth 
and fifth sets, participants were instructed to perform repetitions until voluntary termination 
[18]. Participants were allowed a self-selected light warmup immediately prior to squatting. 
During all squat exercises, subjects placed each foot on a separate force platform. Data 
collection for ground reaction forces began before the start of the first repetition and ended 




Training volume was calculated by multiplying total repetitions and multiplying by load 
used. Eccentric and concentric work as well as concentric power were calculated using ground 
reaction force data over the time period beginning the start of the movement to the end of the 
last repetition in the set. Ground reaction force data in the vertical direction for each foot were 
combined (i.e., summed) to generate a total vertical ground reaction force. The acceleration 
profile was determined by using t com where the two forces acting on the 
system were gravity and ground reaction force. Acceleration was determined by rearranging 
the equation to be:  
com 
(FGRF  FGravity) = macom 
acom = (FGRF  FGravity)/m 
Where FGRF = the ground reaction force 
FGravity = the force gravity acting on the system (i.e., body weight + weight lifted) 
m = mass of the system (i.e., mass of person + mass of the weight lifted) 
acom = acceleration of the center of mass of the system 
The vertical velocity of the center of mass during the squat was calculated by integrating 
the acceleration profile. Power was calculated as the product of force and velocity (P = FGRF · v) 
for eccentric and concentric phases of the squat and totals were averaged for each set of each 
condition and normalized to body mass (W/kg). Work performed during eccentric and 
concentric phases of the squat was calculated by integrating the Power vs. time plot for each 
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phase. Totals were normalized to body mass (J/kg). All dependent variables were evaluated 
using within-subjects analysis. 
Statistical Analysis 
 The focus of the analysis for Experiment 2 was Drinks 3, 4, and 5. All statistics were 
computed using IBM SPSS Statistics 24 and Microsoft Excel (Version 1908). Training volume, 
body mass, and body fat percentage were each analyzed between conditions using 1 x 5 
(Intake) repeated measures ANOVA. Experiment 2 focused on planned comparisons between 
intake conditions (9% vs. 18%, 9% vs. 4.5%, 18% vs. 4.5%) regardless of F-ratio outcome. 
Planned comparisons were conducted using paired t-tests. The alpha level was set to 0.05. 
Training Volume 
 Dependent Variable (DV)  Training Volume 
 Independent Variable (IV)  Intake (water, sham, 9%, 18%, 4.5%) 
Body Mass 
 DV  Body Mass 
 IV  Intake (water, sham, 9%, 18%, 4.5%) 
Body Fat Percentage 
 DV  Body Fat Percentage 
 IV  Intake (water, sham, 9%, 18%, 4.5%) 
 Blood glucose as well as blood lactic acid were analyzed for time (pre, post) between 
conditions using a 2 (Time) x 5 (Intake) repeated measures ANOVA. Experiment 2 focused on 
planned comparisons for blood glucose as well as blood lactic acid between intake conditions 
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(9% vs. 18%, 9% vs. 4.5%, 18% vs. 4.5%) for each time period (i.e., pre, post). Planned 
comparisons were conducted using paired t-tests. The alpha level was set to 0.05. 
Blood Glucose 
 DV  Blood Glucose 
 IV  Time (Pre, Post) and Intake (water, sham, 9%, 18%, 4.5%) 
Blood Lactic Acid 
 DV  Blood Lactic Acid 
 IV  Time (Pre, Post) and Intake (water, sham, 9%, 18%, 4.5%) 
Eccentric and concentric work as well as concentric power were analyzed for each set of 
each condition using a 5 (Intake) x 5 (Set) repeated measures ANOVA. Experiment 2 was 
focused on planned comparisons for eccentric and concentric work as well as concentric power 
between intake conditions (9% vs. 18%, 9% vs. 4.5%, 18% vs. 4.5%). Planned comparisons were 
conducted using paired t-tests. The alpha level was set to 0.05.  
Concentric Power 
 DV  Power 
 IV  Intake (water, sham, 9%, 18%, 4.5%) and Set 
Eccentric Work 
 DV  Eccentric Work  
 IV  Intake (water, sham, 9%, 18%, 4.5%) and Set  
Concentric Work 
 DV  Concentric Work  
 IV  Intake (water, sham, 9%, 18%, 4.5%) and Set  
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 The statistical significance threshold for all analysis was set a priori  
Results 
Note: Data for Experiment 2 were presented such that the 9% CHO condition was considered 
the baseline drink.  
Volume 
 Training volume was not different between intake conditions (F4,60 = 1.687, p = 0.165, 
Figure 1) or for planned comparisons (9% vs. 18% p = 0.095, 18% vs. 4.5% p = 0.453, Table 1). 
However, planned comparison analysis observed a difference in training volume between 9% 
vs. 4.5% (p = 0.028, Table 1). 
 




9% 18% 4.5% 
* *
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Table 1. Training Volume planned comparison results. Note * indicates p < 0.05.  
Condition p Value 
9% vs. 18% 0.095 
9% vs. 4.5% 0.028* 
18% vs. 4.5% 0.453 
 
Blood Glucose  
Blood glucose was observed to have an interaction between intake condition and time 
(F4,60 = 45.154, p <0.001, Figure 2). Using planned comparisons, it was determined that blood 
glucose was different pre vs. post during each of the CHO conditions (p <0.001, Figure 2, Table 
2). However, blood glucose was not different when comparing 9% CHO to 18% and 4.5% 
conditions for pre or post measurements (9% to 18% p = 0.130 and 9% to 4.5% p = 0.734, Figure 
2, Table 2). Blood Glucose was different between 18% and 4.5% pre (p = 0.001, Figure 2, Table 
2) and post (p = 0.045, Figure 2, Table 2). 
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Table 2. Blood Glucose planned comparison results. Note: * indicates p <0.05. 
Condition p Value 
9% Pre vs. 18% Pre 0.041* 
9% Post vs. 18% Post 0.124 
9% Pre vs. 4.5% Pre 0.039* 
9% Post vs. 4.5% Post 0.842 
18% Pre vs. 4.5% Pre <0.001* 
18% Post vs 4.5% Post 0.045* 
9% Pre vs. 9% Post <0.001* 
18% Pre vs. 18% Post <0.001* 







Blood Lactic Acid  
Blood lactic acid was influenced by the interaction of time (pre, post) and intake 
condition (F1,15 = 235.005, p <0.001, Figure 3). Using planned comparisons, it was determined 
that blood lactic acid was different pre vs. post for each of the CHO conditions (p <0.001, Figure 
3, Table 3). However, blood lactic acid was not different when comparing 9% CHO to 4.5% and 
18% to 4.5% conditions for pre or post measurements (9% to 4.5% p = 0.067; 18% to 4.5% p = 
0.521, Figure 3, Table 3). Blood lactic acid was different post squat protocol between 9% CHO 
and 18% (p = 0.014, Figure 3, Table 3). 
 








Table 3. Blood Lactic Acid planned comparison results. Note: * indicates p <0.05. 
Condition p Value 
9% Pre vs. 18% Pre 0.051 
9% Post vs. 18% Post 0.014* 
9% Pre vs. 4.5% Pre 0.305 
9% Post vs. 4.5% Post 0.092 
18% Pre vs. 4.5% Pre 0.909 
18% Post vs 4.5% Post 0.785 
9% Pre vs. 9% Post <0.001* 
18% Pre vs. 18% Post <0.001* 
4.5% Pre vs 4.5% Post <0.001* 
 
Body Mass  
Body mass was not different between intake conditions (F4,60 = 2.072, p = 0.096, Figure 
4), and body fat percentage was not different between intake conditions (F4,60 = 0.872, p = 
0.486, Figure 5). 
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Figure 5. Body fat percentage for each intake condition (each condition was tested on separate days). Values are 




9% 18% 4.5% 
9% 18% 4.5% 
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Work 
 Eccentric work was not influenced by an interaction of intake condition and set (F16,240 = 
0.916, p = 0.551, Figure 6). Eccentric work was observed to be different between sets (F4,60 = 
25.233, p <0.001, Figure 6). Using planned comparisons, eccentric work during set 4 was 
different compared to sets 1-3 (Figure 6, Table 4) and set 5 (9% vs. 18% p = 0.001, 9% vs. 4.5% p 
= 0.001, 18% vs. 4.5% p = 0.001, Figure 6, Table 4). Eccentric work during set 5 was different 
from sets 1-3 (Figure 6, Table 4); however, no difference was observed between sets 1-3 (Figure 
6, Table 4) between intake conditions. 
Concentric work was not influenced by an interaction between intake condition (9%, 
18%, 4.5%) and set (each of the 5 sets per intake condition) (F16,240 = 0.937, p = 0.390, Figure 7). 
Concentric work was observed to be different between sets (F4,60 = 25.233, p <0.001, Figure 7). 
Using planned comparisons, set 4 was different to sets 1-3 (Figure 7, Table 4) and set 5 (9% vs. 
18% p = 0.021, 9% vs. 4.5% p = 0.031, 18% vs. 4.5% p = 0.011, Figure 7, Table 4). Set 5 were 
significantly different from sets 1-3 (Figure 7, Table 4), however, no difference was observed 
between sets 1-3 between intake conditions (Figure 7, Table 4). 
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Figure 6. Eccentric work performed for each set of each intake condition. Values are mean ± Standard Error. Note * 
indicates p < 0.05. 
 
  








Figure 7. Concentric work performed for each set of each intake condition. Values are mean ± Standard Error. Note 












Table 4. Planned comparison results. Note: * indicates p <0.05. 
Eccentric Work 
9% 18% 4.5% 9% vs. 18% 9% vs. 4.5% 18% vs. 4.5% 
1 vs. 2 0.928 1 vs. 2 0.968 1 vs. 2 0.923 1 vs. 2 0.979 1 vs. 2 0.956 1 vs. 2 0.962 
1 vs. 3 0.888 1 vs. 3 0.914 1 vs. 3 0.945 1 vs. 3 0.976 1 vs. 3 0.985 1 vs. 3 0.982 
1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 
1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 
2 vs. 3 0.998 2 vs. 3 0.957 2 vs. 3 0.965 2 vs. 3 0.924 2 vs. 3 0.922 2 vs. 3 0.941 
2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 
2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 
3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 
3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 
4 vs. 5 0.001* 4 vs. 5 0.001* 4 vs. 5 0.001* 4 vs. 5 0.001* 4 vs. 5 0.001* 4 vs. 5 0.001* 
 
Concentric Work 
9% 18% 4.5% 9% vs. 18% 9% vs. 4.5% 18% vs. 4.5% 
1 vs. 2 0.981 1 vs. 2 0.982 1 vs. 2 0.976 1 vs. 2 0.981 1 vs. 2 0.962 1 vs. 2 0.927 
1 vs. 3 0.957 1 vs. 3 0.978 1 vs. 3 0.976 1 vs. 3 0.968 1 vs. 3 0.958 1 vs. 3 0.978 
1 vs. 4 0.003* 1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 1 vs. 4 0.001* 
1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 1 vs. 5 0.001* 
2 vs. 3 0.957 2 vs. 3 0.989 2 vs. 3 0.979 2 vs. 3 0.988 2 vs. 3 0.969 2 vs. 3 0.949 
2 vs. 4 0.016* 2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 2 vs. 4 0.001* 
2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 2 vs. 5 0.001* 
3 vs. 4 0.003* 3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 3 vs. 4 0.001* 
3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 3 vs. 5 0.001* 
4 vs. 5 0.033* 4 vs. 5 0.021* 4 vs. 5 0.027* 4 vs. 5 0.021* 4 vs. 5 0.031* 4 vs. 5 0.011* 
 
Concentric Power 
9% 18% 4.5% 9% vs. 18% 9% vs. 4.5% 18% vs. 4.5% 
1 vs. 2 0.728 1 vs. 2 0.622 1 vs. 2 0.898 1 vs. 2 0.688 1 vs. 2 0.717 1 vs. 2 0.712 
1 vs. 3 0.764 1 vs. 3 0.893 1 vs. 3 0.779 1 vs. 3 0.846 1 vs. 3 0.689 1 vs. 3 0.896 
1 vs. 4 0.039* 1 vs. 4 0.022* 1 vs. 4 0.017* 1 vs. 4 0.023* 1 vs. 4 0.018* 1 vs. 4 0.021* 
1 vs. 5 0.027* 1 vs. 5 0.029* 1 vs. 5 0.021* 1 vs. 5 0.028* 1 vs. 5 0.015* 1 vs. 5 0.023* 
2 vs. 3 0.887 2 vs. 3 0.879 2 vs. 3 0.757 2 vs. 3 0.862 2 vs. 3 0.852 2 vs. 3 0.855 
2 vs. 4 0.039* 2 vs. 4 0.027* 2 vs. 4 0.042* 2 vs. 4 0.041* 2 vs. 4 0.024* 2 vs. 4 0.019* 
2 vs. 5 0.021* 2 vs. 5 0.032* 2 vs. 5 0.039* 2 vs. 5 0.017* 2 vs. 5 0.029* 2 vs. 5 0.027* 
3 vs. 4 0.153 3 vs. 4 0.017* 3 vs. 4 0.021* 3 vs. 4 0.028* 3 vs. 4 0.013* 3 vs. 4 0.022* 
3 vs. 5 0.017* 3 vs. 5 0.029* 3 vs. 5 0.017* 3 vs. 5 0.023* 3 vs. 5 0.022* 3 vs. 5 0.026* 






 Concentric power was not influenced by an interaction between Intake condition and 
Set (each of 5 sets per condition) (F4,60 = 0.775, p = 0.490, Figure 8). Concentric power was not 
observed to be different between sets (p = 0.813, Figure 8) (i.e. no main effect for set). 
However, concentric power was observed to be different in planned comparisons between sets 
1 vs. 4 (9% vs. 18% p = 0.023, 9% vs. 4.5% p = 0.018, 18% vs. 4.5% p = 0.021,, Table 4, Figure 8), 
1 vs. 5 (9% vs. 18% p = 0.028, 9% vs. 4.5% p = 0.015, 18% vs. 4.5% p = 0.023, Table 4, Figure 8), 2 
vs. 4 (9% vs. 18% p = 0.041, 9% vs. 4.5% p = 0.024, 18% vs. 4.5% p = 0.019,, Table 4, Figure 8), 2 
vs. 5 (9% vs. 18% p = 0.017, 9% vs. 4.5% p = 0.029, 18% vs. 4.5% p = 0.027,, Table 4, Figure 8), 3 
vs. 4 (9% vs. 18% p = 0.028, 9% vs. 4.5% p = 0.013, 18% vs. 4.5% p = 0.022,, Table 4, Figure 
8),and 3 vs. 5 (9% vs. 18% p = 0.023, 9% vs. 4.5% p = 0.022, 18% vs. 4.5% p = 0.026,, Table 4, 
Figure 8). Concentric power was not observed to be different between sets 1 vs. 2 (9% vs. 18% 
p = 0.688, 9% vs. 4.5% p = 0.717, 18% vs. 4.5% p = 0.712, Table 4, Figure 8) 1 vs. 3 (9% vs. 18% p 
= 0.846, 9% vs. 4.5% p = 0.689, 18% vs. 4.5% p = 0.896, Table 4, Figure 8) 2 vs. 3 (9% vs. 18% p = 
0.862, 9% vs. 4.5% p = 0.852, 18% vs. 4.5% p = 0.855,, Table 4, Figure 8) and 4 vs. 5 (9% vs. 18% 









The primary observation of this investigation was that liquid CHO ingestion in doses 
ranging between 4.5% to 18% prior to squat protocol does not enhance training volume during 
an acute, squat training session. These results were unexpected as several published 
investigations have suggested that CHO ingestion elicits an ergogenic effect on acute bouts of 
exercise [1, 2, 4-9, 19-25]. It is not clear why there is disagreement between studies 
investigating the ergogenic effect of CHO concentration on training volume. In the next section, 
different hypotheses are discussed that might explain the difference in observations [1, 2, 4-9, 
19-25].  
Blood glucose was observed to increase within normal post-prandial range according to 
American Diabetes Association standards (Figure 2, 151 mg/dl ± 17.6 mg/dl) [26, 27] after CHO 
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consumption and decrease after the squat protocol (Figure 2). Colberg et al. [27] observed a 
32.7 mg/dl ± 44.1 mg/dl change in circulating glucose following moderate activity. Meaning that 
available circulating blood glucose was reduced by activity. Data from the present experiment is 
similar to observations by Colberg et al. [27] when blood glucose was elevated prior to the 
squat protocol with mean changes 65 mg/dl ± 28.6 md/dl (Figure 2) [27].  
Blood lactic acid was observed lower prior to the squat protocol (Figure 3, Table 2, 2.4 
mmol/l ± 1.7 mmol/l) and increased following the squat protocol [24]. Data from the current 
experiment agrees with the available data in the literature with mean changes reflecting a 
relatively low resting blood lactic acid level prior to the squat protocol with a five-fold change 
pre, post squat protocol in all intake conditions (12.4 mmol/L ± 3.3 mmol/L) (Figure 3, Table 2) 
[24]. 
Concentric power was observed to be consistent throughout all sets and intake 
conditions with mean W/Kg ranging from 3.096 to 4.00 W/Kg (Figure 8, 83.3 ± 9.5 kg mean 
body mass, 258  333 W ± 33 W). Participants were self-selecting repetition speed and cadence 
which is similar to observations by Siegel et al. [28]. The self-selected cadence could be a reason 
that there was a difference between sets for each condition. Eccentric and concentric Work was 
observed to be greater in sets with higher repetitions. Training volume observed in the present 
experiment was reasonable when considering all participants were using a load <75% 1-RM 
with predicted 1-RM squat of <227.2 kg using Brzycki formula [29]. 
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CHO Ingestion Ergogenic Effect 
Several studies have reported an ergogenic benefit of CHO ingestion prior to exercise 
(35, 72, 75). However, there are distinct differences between the methods used in those studies 
compared to the present study.  
Wax et al. [25] demonstrated an ergogenic effect in force production and time to 
exhaustion from ingesting CHO before and during static resistance exercises. Static exercise 
could be a factor when comparing results to the present experiment as translation of force 
production and time to exhaustion in dynamic movement is difficult to quantify. 
Little et al. [22] demonstrated an ergogenic effect from CHO supplementation on high-
intensity, intermittent exercise. Distance covered during sprinting protocol was greater in the 
CHO group compared with placebo; however, exercise protocols were not based on resistance 
exercise and lasted 90 minutes which is much longer than the present experiment. Length of 
activity and type of exercise could be a factor when comparing results. 
Lambert et al. [5] observed an ergogenic benefit from CHO supplementation when 
assess resistance training using a leg extension protocol. However, researchers concluded that 
the ergogenic benefit was observed for at least fifteen sets of an exercise. Results from the 





 Co-ingestion of fructose and glucose, in a ratio of 1:2 respectively, has been shown to 
increase carbohydrate availability [20, 21, 23, 25, 30]. In combination with Experiment 1, 
participants were asked to perform two conditions (water and sham) in a fasted state, which 
has been shown to reduce athletic performance [31, 32]. It is understood that a potential 
confounding factor of the present experiment was that participants could have fasted longer 
than eight hours prior to reporting to the lab. Interestingly, in the present experiment, when 
participants drank a CHO beverage containing up to 360 calories (18% condition) they did not 
perform differently than when not consuming calories. These performance results were 
interesting since there was a relatively large amount of energy consumed. Based upon an 
analysis of the results from the present experiment, it is suggested that training volume may 
not fully depend on energy intake in shorter resistance training session.  
Blood Glucose 
The current experiment agrees with the available literature on co-ingestion of fructose 
and glucose being absorbed well into the bloodstream [25, 51, 71, 73, 75]. Over the course of 
the training session, the greater reliance on blood glucose appears to be directly related to the 
duration and volume of work completed [1-9]. Blood glucose results in the present experiment 
agree with the literature and reflect utilization of circulating blood glucose during the squat 
protocol. However, no benefit was observed on training volume in the present experiment from 
the utilization of available blood glucose during squat protocol. It is understood that a 
confounding factor of the current experiment was that participants were given the opportunity 
to perform a light warmup after CHO consumption prior to squat protocol. The warmup could 
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have had an effect on blood glucose. However, blood glucose was measured after the warmup. 
Furthermore, blood glucose levels at that time were elevated as expected after consuming CHO 
(Figure 2). Interestingly, blood glucose levels returned to near baseline levels following the 
squat protocol. The change in blood glucose pre to post seems to be an indication that blood 
glucose was used during the squat protocol.  
Current literature related to CHO supplementation for resistance training [1-5] suggests 
that duration and volume play a significant role in the amount of muscle glycogenolysis that 
occurs in response to the training session. In general, the protocols that reported CHO 
supplementation to have an ergogenic benefit were of lower intensity (<70% 1RM) and lasted 
longer than 55 minutes [1-7]. Assessing muscle glycogen and blood glucose in future research 
would be recommended. 
Haff et al. [4] demonstrated that training volume could be enhanced by supplementing 
CHO [4]. Although, these findings were demonstrated using a small number of subjects (n=8), 
using a multiple training session per day protocol, and the significance was found in activity of 
longer duration >35 minutes [4]. The length of training activity may have an impact on 
exogenous glucose reliability as authors of previous literature have suggested [1-9, 12, 13]; 
however, data from the present experiment (Figure 2) support the hypothesis that exogenous 
glucose was utilized during the squat protocol with no enhancement in training volume. 
Therefore, available blood glucose may not be the only critical factor in resistance training 
performance. Additionally, hepatic glucose production, if elevated during the squat protocol, 
also did not influence results. Therefore, liver glycogen may not be a critical factor in resistance 
training performance either. Training time of this investigation, while variable between 
 66 
participants, did not take longer than 30 minutes. While there are exercise programs designed 
for short duration, those participating in these shorter duration sessions may not benefit from 
CHO ingestion. 
This investigation explored the use of CHO while using a load that was <75% 1-RM. 
Roberg et al. [7] suggested the rate of muscle glycogenolysis was significantly greater at 70% 
1RM compared to 35% 1RM. Therefore, another possibility as to why no benefit was observed 
could be the lower level of intensity used in this investigation did not elicit enough muscle 
glycogenolysis for the exogenous CHO ingestion to become a significant factor. 
Osmotic Load 
 Current research suggests that osmotic load of a CHO solution may alter how much of 
the CHO is absorbed and metabolized for use during activity [21, 23, 33]. Researchers suggest 
that consuming an osmotic load most similar to normal blood osmolarity (280  310 mOs/Kg) 
will enhance gastric emptying and provide CHO efficiently during activity [19-24, 30, 33]. Data 
from the present experiment did not agree with observations from the literature by evaluated 
CHO solution ranging from 92  360 mOs/Kg [19-24, 30, 33]. Even though CHO was absorbed 
into the circulating blood, no performance benefit was observed. This could be due in part to 
the length of the squat session being too short to have a greater reliance on circulating glucose. 
Additionally, it is understood that a potential confounding factor of the current study was the 
use of an absolute CHO load versus a CHO load based on bodyweight. However, the variation of 
concentration in the CHO used in the current experiment provides information related to 
varying CHO loads in various bodyweights. More investigation is needed regarding optimal 
osmolarity of solution and timing of ingestion for resistance training. 
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Neuromuscular fatigue 
Neuromuscular fatigue has been demonstrated to be related to workload [8, 34] and 
potentially ameliorated by carbohydrate mouth rinsing [35]. Therefore, the more work 
performed in a training session could be a factor by which CHO ingestion could result in an 
ergogenic aid. It would be conjectured that drinking CHO would be similar to rinsing the mouth 
since the CHO is present in the oral cavity for a moment before swallowing. Although, data 
from the present experiment does not agree with previous research using a mouth rinse which 
suggests that there is a time-sensitive element by which CHO mouth rinse must remain in the 
oral cavity to provide an ergogenic benefit [35]. Further evaluation of using a CHO mouth rinse 
compared to CHO ingestion in needed. 
There is potential that a protocol with more sets and repetitions could create a greater 
reliance on exogenous CHO to ameliorate neuromuscular fatigue. It is understood that a 
confounding factor of this experiment was that the initial phase of the squat was not 
performed from an zero initial velocity due to stabilization of the barbell upon setting stance. 
However, this was assessed by comparing the sum of work performed in eccentric and 
concentric phases. The sum was nearly zero for all sets of all conditions reflecting that our 
measurements began as close to zero initial velocity as possible. 
It is understood that a limitation of the current experiment was that the participants 
were allowed to perform repetitions in a self-selected range of motion (ROM). Alterations in 
ROM could potentially have an impact on overall performance. Prioritizing the translational of 
the data, the authors of the current study attempted to provide the most real-world simulation 
of squat protocol and made the decision to allow participants to self-select their ROM. Self-
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selected ROM has been used in previous research by Haff et al. (1999) [4]. A limitation of the 
present study was that sleep was not able to be controlled. 
Practical Application 
Previous literature suggests that training volume would be decreased if performed in a 
fasted state [31, 32]. However, observation of this investigation is that regardless of 
concentration consumed up to 18% CHO and even in a fasted state, the participants were able 
to perform the same amount of training volume. These observations of the present experiment 
were the same even when given a beverage containing 360 calories. Although, muscle glycogen 
was not assessed in the participants at the time of testing.  
From a practical standpoint, it is conjectured that someone might be able to perform 
the same amount of training volume regardless of the concentration of CHO consumed within 
thirty minutes of training. Therefore, acute workouts may result in similar training volume even 
if performed fasted which could keep training programs on track. Training volume appears to 
be the primary driver of muscle hypertrophy [36-45]. Therefore, maintaining training volume 
throughout a training program could have significant impact on the hypertrophy outcome of 
the program for the individual and thus lead to greater performance long-term.  
Suggestions for future investigation would include altering the timing of carbohydrate 
consumed to be included during the training protocol. Another valuable investigation would be 
to compare liquid CHO to whole food CHO sources. Additionally, more investigation including a 




 In conclusion, concentrations of liquid CHO between 4.5% to 18% ingested prior to 
training does not enhance training volume during an acute, multi set squat protocol. CHO 
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INVESTIGATION OF ACUTE RESPONSE TO CARBOHYDRATE IN 
SUBSEQUENT RESISTANCE TRAINING. PART 3 
 
Significance of the Chapter 
 The purpose of chapter 4 was to investigate and discuss whether or not there is an 
influence of carbohydrate (CHO) mouth rinse on squat training performance. The results from 
chapter 3 indicated that training volume is not affected by ingesting various concentrations of 
CHO prior to an acute squat training session using <75% 1-repetition maximum weight load 
lasting less than 30 minutes. An alternative experimental approach to studying whether or not  
CHO has an influence on training performance is proposed in this chapter. In this chapter, the 
results of an experiment using a CHO mouth rinse for potential ergogenic benefit rather than 
CHO ingestion prior to squat training is presented and discussed. 
 




The purpose of this investigation was to evaluate whether or not carbohydrate (CHO) mouth 
rinse used prior to training sets of squats would enhance training volume of an acute, squat 
training session. Methods: 15 participants (males=14, females=2; 31±11 years; 82.9 ±9.2 kg; 
175.26±7.62 cm) with resistance training experience (>1 year) and ability to squat 61.4 kg for at 
least ten repetitions completed three conditions using mouth rinse (water, sham, or CHO). Each 
condition consisted of performing a squat protocol: five sets with 180 seconds rest between 
sets. The first three sets consisted of ten repetitions while the fourth and fifth set consisted of 
repetitions to voluntary termination. Mouth rinse was used twice and rinsed for five seconds in 
the oral cavity immediately prior to the fourth and fifth sets. Training volume was calculated 
(total repetitions x load used). Training volume was analyzed using a repeated measures 
ANOVA. Planned comparisons were computed for training volume regardless of F-ratio 
outcome. Results: Training volume was not different between conditions (F2,28=1.681, p=0.204). 
Training volume was not different between planned comparisons (water vs. sham p=0.219, 
water vs. CHO p=0.906); however, training volume was different between sham vs. CHO 
(P=0.039). Conclusion: Use of CHO mouth rinse prior to training sets did not enhance training 
volume during an acute, squat training session.  
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Introduction 
Carbohydrate (CHO) mouth rinse during resistance training as an alternative for CHO 
consumption has gained attention for potential performance benefits. However, studies that 
have been done in this area are limited in scope with regards to types of exercise investigated 
as well as the intensity of exercise [1-3]. Specific to strength training, Gant et al. [4] suggested 
that power output and muscle strength increased immediately following the introduction of 
CHO into the oral cavity (vs. consuming). These power and strength increases suggest that using 
a mouth rinse could potentially improve performance in strength exercises [4]. However, 
results of experiments investigating the influence of mouth rinse on strength exercises are 
inconclusive to date with some studies reporting a benefit of mouth rinsing [1, 5-7] and other 
studies reporting no benefit[1-3] in terms of training volume. 
Painelli et al. [3] and Clarke et al. [2] evaluated the affects of CHO mouth rinse on 
training volume on resistance training and observed no effect on 1 repetition maximum (1-RM) 
or training volume. In these studies, the experiments involved the use of upper body exercises 
(bench press) only. It may be that exercises involving larger muscle groups (such as squats) 
activate more muscle fibers. Furthermore, exercises that use more muscle fibers may have a 
different response to CHO mouth rinse and could result in more repetitions performed per set 
[8]. 
Bastos et al. [1] observed an ergogenic benefit from mouth rinse on bench press training 
volume. Interestingly, the researchers reported no difference in leg press volume between CHO 
mouth rinse conditions. Bastos et al. [1] is currently the only study that the authors are aware 
of at the time of this project to investigate the use of CHO mouth rinse using a lower body 
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exercise. However, the use of a leg press may have limited muscle fiber recruitment. In 
contrast, a squat exercise may yield different results to mouth rinse since there are more 
muscle fibers recruited for a squat. The increased muscle fiber recruitment could alter the 
reliance on energy systems in the body. 
A challenge with understanding the influence of CHO mouth rinse is the intensity of the 
exercise used. Intensity of strength training exercises can be described in terms of the weight 
used relative to 1-RM.  In research studies to date, exercise intensity has typically been in the 
70%-85% of 1-RM range [1, 9-12]. Using higher loads (i.e., higher intensities) reduces the 
amount of repetitions that can be completed.  It may be that the use of CHO mouth rinse 
during squat exercise may be more apparent when using lower loads (i.e., lower intensity) over 
more repetitions. This is because the combined stimulus from the increase in muscle fiber 
recruitment and corticotropic stimulation of the oral cavity could elicit greater utilization of 
available substrate (i.e. blood lactic acid) for energy [1, 3, 4, 8, 13-17]. 
Presently, there is no research on the use of CHO mouth rinse on training volume during 
a squat exercise using a load less than 75% 1 RM. Therefore, the purpose of this experiment 
was to evaluate if CHO mouth rinse would affect resistance training performance. Specifically, 
investigating if the ingestion of a CHO mouth rinse immediately prior to training sets of squats 





Participants (n=15; male = 13, females = 2), mean age 31 ± 11 years, body mass 82.9 ± 
9.2 kg, and height 175.26 ± 7.62 cm with resistance training experience (>1 year) and the ability 
to squat 61.4 kg for at least 10 repetitions completed all three conditions of the experiment. All 
participants reported to the laboratory to review and sign the informed consent document. 
Participants were asked to not alter their regular nutritional intake prior to completing the 
experiment. A three-day food log was completed by participants to assess glycogen stores. The 
food log also served as a guide for eating prior to return visits in that participants were 
instructed to follow the same diet prior to each visit. Data from the food logs were not 
analyzed.  
Instrumentation 
Body weight and body composition were taken using InBody 770 (Cerritos, CA). Glucose 
and lactic acid were measured before and after the squat protocol using a finger stick with 
glucometer (Contour Next, Roseville, CA) and Lactate Scout (EKF, Boerne, TX). The squat 
protocol was conducted on dual force platforms (Pasco Pasport 2-Axis Force Platform, 
Parsippany, NJ). Ground reaction forces data were collected at a rate of 1000 Hz and processed 
using custom software Matlab (R2011b). Conditions were randomized for all participants. 
Conditions consisted of: 
Mouth Rinse 1 (Water)(Control): Water was used as a control solution in the same 
amount of total fluid (25 ml). 
 80 
Mouth Rinse 2 (Sham): Sham carbohydrate mixture consisted of non-nutritive 
sweetened beverage (Crystal Light) in the same amount of total fluid (25 ml). 
Mouth Rinse 3 (CHO): Liquid carbohydrate mixture consisted of a 1:2 ratio of 
fructose:glucose (15g:30g) diluted into a total of 500 ml of solution with water. This will create 
a 9% carbohydrate solution. 25 ml of this solution was rinsed in the mouth. 
Procedures 
For each condition, participants reported to the laboratory in a fasted state (water only 
8 hours prior [18, 19]) and completed a squat protocol on different test days with at least 48 
hours and no more than seven days between each test day. Body weight and body composition 
were taken upon arrival prior to consumption planned for any condition which were conducted 
on different days. A finger-stick blood draw was used in each of the three conditions to assess 
blood glucose and blood lactic acid immediately prior to the squat protocol and immediately 
following completion of the squat protocol. Participants completed the same squat protocol on 
each test day with one mouth rinse condition for that test day. Conditions were randomized to 
reduce the probability that a training effect would influence results. All mouth rinse conditions 
were completed immediately prior to set 4 and then again prior to set 5 of exercise. The squat 
protocol consisted of five sets of barbell squats using 61.4 kg while standing on dual force 
platforms with 180 seconds rest between sets. The first three sets consisted of 10 repetitions. 
The fourth and fifth sets, participants were instructed to perform repetitions until voluntary 
termination [20]. Participants were allowed a self-selected light warmup prior to the squat 
protocol and before finger stick blood draw. During all squat exercises, subjects placed each 
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foot on a separate force platform. Data collection for ground reaction forces began before the 
start of the first repetition and ended after the completion of the last repetition. 
Data Reduction 
Eccentric and concentric work and concentric power were calculated using ground 
reaction force data over the time period beginning the start of the movement to the end of the 
last repetition in the set. Ground reaction force data in the vertical direction for each foot were 
combined (i.e., summed) to generate a total vertical ground reaction force.  The acceleration 
com where the two forces acting on the 
system were gravity and ground reaction force. Acceleration was determined by rearranging 
the equation to be:  
com 
(FGRF  FGravity) = macom 
acom = (FGRF  FGravity)/m 
Where FGRF = the ground reaction force 
FGravity = the force gravity acting on the system (i.e., body weight + weight lifted) 
m = mass of the system (i.e., mass of person + mass of the weight lifted) 
acom = acceleration of the center of mass of the system 
The vertical velocity of the center of mass during the squat was calculated by integrating 
the acceleration profile. Power was calculated as the product of force and velocity (P = FGRF · v) 
for eccentric and concentric phases of the squat and totals were averaged for each set of each 
condition and normalized to body mass (W/kg). Work performed during eccentric and 
concentric phases of the squat was calculated by integrating the Power vs. time plot for each 
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phase. Totals were normalized to body mass (J/kg). All dependent variables were evaluated 
using within-subjects analysis. 
Statistical Analysis 
All statistics were computed using IBM SPSS Statistics 24 and Microsoft Excel (Version 
1908).  Training volume, body mass, and body fat percentage were each analyzed between 
conditions using 1 x 3 (mouth rinse  water, sham, CHO) repeated measures ANOVA. The 
present experiment was focused on planned comparisons between mouth rinse conditions 
(water vs. sham, water vs. CHO, sham vs. CHO) regardless of F-ratio outcome. Planned 
comparisons were conducted for training volume using paired t-tests. The alpha level was set to 
0.05. 
Training Volume 
 Dependent Variable (DV)  Training Volume 
 Independent Variable (IV)  Mouth Rinse (water, sham, CHO) 
Body Mass 
 DV  Body Mass 
 IV  Mouth Rinse (water, sham, CHO) 
Body Fat Percentage 
 DV  Body Fat Percentage 
 IV  Mouth Rinse (water, sham, CHO) 
 Blood glucose and blood lactic acid were analyzed for time (pre, post) between 
conditions using a 2 (Time) x 3 (Mouth Rinse) repeated measures ANOVA. Experiment 3 was 
focused on planned comparisons for blood glucose as well as blood lactic acid between mouth 
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rinse conditions (water vs. sham, water vs. CHO, sham vs. CHO) for each time period (pre, post). 
Planned comparisons were conducted using paired t-tests. The alpha level was set to 0.05. 
Blood Glucose 
 DV  Blood Glucose 
 IV  Time (Pre, Post) and Mouth Rinse (water, sham, CHO) 
Blood Lactic Acid 
 DV  Blood Lactic Acid 
 IV  Time (Pre, Post) and Mouth Rinse (water, sham, CHO) 
Eccentric and concentric work as well as concentric power were analyzed for each set of 
each condition using a 3 (Mouth Rinse) x 5 (Set per intake) repeated measures ANOVA. 
Experiment 3 will present planned comparisons for eccentric and concentric work as well as 
concentric power between mouth rinse conditions (water vs. sham, water vs. CHO, sham vs. 
CHO). Planned comparisons were conducted using paired t-tests. The alpha level was set to 
0.05. 
Concentric Power 
 DV  Concentric Power 
 IV  Mouth Rinse (water, sham, CHO) and Set  
Eccentric Work 
 DV  Eccentric Work  
 IV  Mouth Rinse (water, sham, CHO) and Set  
Concentric Work 
 DV  Concentric Work  
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 IV  Intake (water, sham, 9%, 18%, 4.5%) and Set  
 The statistical significance threshold for all analysis was set a priori  
Results 
Volume 
 Training volume was not different between mouth rinse conditions (F2,28 = 1.681, p = 
.204, Figure 1) or for planned comparisons of water vs. sham (p = 0.219, Figure 1, Table 1) and 
water vs. CHO (p = 0.906, Figure 1, Table 1); however, training volume was different between 
sham vs. CHO in planned comparison analysis (p = 0.039, Figure 1, Table 1).  
 






Table 1. Training Volume planned comparison results. Note * indicates p <0.05.  
Condition p Value 
Water vs. Sham 0.219 
Water vs. CHO 0.906 
Sham vs. CHO 0.039* 
 
Blood Glucose  
Blood glucose was observed to have an interaction between mouth rinse condition and 
time (F2,28 = 7.176, p = 0.003, Figure 2) and using planned comparisons it was determined that 
blood glucose was different pre vs. post during the water condition (p = 0.026, Figure 2, Table 
2) and pre vs. post in the CHO condition (p = 0.013, Figure 2, Table 2), but blood glucose was 
not different pre vs. post during the sham condition (p = 0.733, Figure 2, Table 2). Blood glucose 
was not different pre squat protocol when comparing all mouth rinse conditions (water vs. 
sham p = 0.062; water vs. CHO p = 0.66; sham vs CHO p = 0.62, Figure 2, Table 2) or post 
between water vs. sham (p = 0.354, Figure 2, Table 2). Blood glucose was different post squat 
protocol when comparing water vs. CHO (p = 0.023, Figure 2, Table 2) and sham vs. CHO (p = 




Figure 2. Blood glucose pre and post squat protocol. Values are mean ± Standard Error. Note * indicates p < 0.05. 
  
Figure 2.  
 
 
Table 2. Blood Glucose planned comparison results. Note: * indicates p <0.05. 
Condition p Value 
Water Pre vs. Sham Pre 0.062 
Water Post vs. Sham Post 0.354 
Water Pre vs. CHO Pre 0.664 
Water Post vs. CHO Post 0.023* 
Sham Pre vs. CHO Pre 0.620 
Sham Post vs CHO Post 0.023* 
Water Pre vs. Water Post 0.026* 
Sham Pre vs. Sham Post 0.733 






Blood Lactic Acid  
Blood lactic acid was not influenced by the interaction of Time (pre, post) and mouth 
rinse condition (water, sham, CHO) (F1,14 = 129.144, p <0.001, Figure 3). Blood lactic acid was 
observed to be significantly higher post squat protocol versus pre (F1,14 = 129.144, p <0.001, 
Figure 3) (i.e., Time main effect) regardless of mouth rinse condition. However, blood lactic acid 
levels were not different between mouth rinse conditions (p = 0.496, Figure 3, Table 3) (i.e., no 
main effect for Intake) regardless of Time (i.e., pre, post). 
 








Table 3. Blood Lactic Acid planned comparison results. Note: * indicates p <0.05. 
Condition p Value 
Water Pre vs. Sham Pre 0.352 
Water Post vs. Sham Post 0.410 
Water Pre vs. CHO Pre 0.810 
Water Post vs. CHO Post 0.655 
Sham Pre vs. CHO Pre 0.359 
Sham Post vs CHO Post 0.738 
Water Pre vs. Water Post <0.001* 
Sham Pre vs. Sham Post <0.001* 
CHO Pre vs CHO Post <0.001* 
 
Body Mass  
Body mass was not observed to be different between mouth rinse conditions (F2,28 = 
0.236, p = 0.791, Figure 4), and body fat percentage was not observed to be different between 








Figure 5. Body fat percentage for each mouth rinse condition (each condition was tested on separate days). Values 






 Eccentric work was not influenced by an interaction between mouth rinse condition 
(water, sham, CHO) and set (5 sets per condition) (F8,112 = 1.386, p = 0.210, Figure 6). Eccentric 
work was observed to be different between sets (F4,56 = 40.451, p <0.001, Figure 6). Eccentric 
work during set 4 was different compared to sets 1-3 (Figure 6, Table 4) and set 5 (water vs. 
sham p = 0.001, water vs. CHO p = 0.001, sham vs. CHO p = 0.001,, Figure 6, Table 4). Eccentric 
work during set 5 was different from sets 1-3 (Figure 6, Table 4); however, no difference was 
observed between sets 1-3 (Figure 6, Table 4) between mouth rinse conditions. 
Concentric work was not influenced by an interaction between mouth rinse condition 
(water, sham, CHO) and set (each of the 5 sets per mouth rinse condition) (p = 0.452, Figure 7). 
Concentric work was observed to be significantly different between sets (F4,56 = 35.902, p 
<0.001, Figure 7). Concentric work during set 4 was significantly different to sets 1-3 (Figure 7, 
Table 4). Set 5 was significantly different from set 4 (water vs. sham p = 0.029, water vs. CHO p 
= 0.033, sham vs. CHO p = 0.031,, Figure 7, Table 4) and sets 1-3 (Figure 7, Table 4); however, no 





Figure 6. Eccentric work performed for each set of each mouth rinse condition. Values are mean ± Standard Error. 











Figure 7. Concentric work performed for each set of each mouth rinse condition. Values are mean ± Standard 











Table 4. Planned comparison results. Note: * indicates p <0.05. 
Eccentric Work 
9% 18% 4.5% 9% vs. 18% 9% vs. 4.5% 18% vs. 4.5% 
1 vs. 2 0.352 1 vs. 2 0.453 1 vs. 2 0.323 1 vs. 2 0.379 1 vs. 2 0.356 1 vs. 2 0.362 
1 vs. 3 0.764 1 vs. 3 0.677 1 vs. 3 0.645 1 vs. 3 0.676 1 vs. 3 0.685 1 vs. 3 0.682 
1 vs. 4 <0.001* 1 vs. 4 <0.001* 1 vs. 4 <0.001* 1 vs. 4 <0.001* 1 vs. 4 <0.001* 1 vs. 4 <0.001* 
1 vs. 5 <0.001* 1 vs. 5 <0.001* 1 vs. 5 <0.001* 1 vs. 5 <0.001* 1 vs. 5 <0.001* 1 vs. 5 <0.001* 
2 vs. 3 0.403 2 vs. 3 0.522 2 vs. 3 0.465 2 vs. 3 0.424 2 vs. 3 0.422 2 vs. 3 0.441 
2 vs. 4 <0.001* 2 vs. 4 <0.001* 2 vs. 4 <0.001* 2 vs. 4 <0.001* 2 vs. 4 <0.001* 2 vs. 4 <0.001* 
2 vs. 5 <0.001* 2 vs. 5 <0.001* 2 vs. 5 <0.001* 2 vs. 5 <0.001* 2 vs. 5 <0.001* 2 vs. 5 <0.001* 
3 vs. 4 <0.001* 3 vs. 4 <0.001* 3 vs. 4 <0.001* 3 vs. 4 <0.001* 3 vs. 4 <0.001* 3 vs. 4 <0.001* 
3 vs. 5 <0.001* 3 vs. 5 <0.001* 3 vs. 5 <0.001* 3 vs. 5 <0.001* 3 vs. 5 <0.001* 3 vs. 5 <0.001* 
4 vs. 5 0.007* 4 vs. 5 0.003* 4 vs. 5 0.001* 4 vs. 5 0.001* 4 vs. 5 0.001* 4 vs. 5 0.001* 
 
Concentric Work 
9% 18% 4.5% 9% vs. 18% 9% vs. 4.5% 18% vs. 4.5% 
1 vs. 2 0.987 1 vs. 2 0.972 1 vs. 2 0.986 1 vs. 2 0.991 1 vs. 2 0.972 1 vs. 2 0.957 
1 vs. 3 0.678 1 vs. 3 0.678 1 vs. 3 0.676 1 vs. 3 0.668 1 vs. 3 0.658 1 vs. 3 0.678 
1 vs. 4 <0.001* 1 vs. 4 <0.001* 1 vs. 4 <0.001* 1 vs. 4 <0.001* 1 vs. 4 <0.001* 1 vs. 4 <0.001* 
1 vs. 5 <0.001* 1 vs. 5 <0.001* 1 vs. 5 <0.001* 1 vs. 5 <0.001* 1 vs. 5 <0.001* 1 vs. 5 <0.001* 
2 vs. 3 0.299 2 vs. 3 0.314 2 vs. 3 0.356 2 vs. 3 0.312 2 vs. 3 0.342 2 vs. 3 0.364 
2 vs. 4 <0.001* 2 vs. 4 <0.001* 2 vs. 4 <0.001* 2 vs. 4 <0.001* 2 vs. 4 <0.001* 2 vs. 4 <0.001* 
2 vs. 5 <0.001* 2 vs. 5 <0.001* 2 vs. 5 <0.001* 2 vs. 5 <0.001* 2 vs. 5 <0.001* 2 vs. 5 <0.001* 
3 vs. 4 <0.001* 3 vs. 4 <0.001* 3 vs. 4 <0.001* 3 vs. 4 <0.001* 3 vs. 4 <0.001* 3 vs. 4 <0.001* 
3 vs. 5 <0.001* 3 vs. 5 <0.001* 3 vs. 5 <0.001* 3 vs. 5 <0.001* 3 vs. 5 <0.001* 3 vs. 5 <0.001* 
4 vs. 5 0.044* 4 vs. 5 0.031* 4 vs. 5 0.037* 4 vs. 5 0.029* 4 vs. 5 0.033* 4 vs. 5 0.031* 
 
Concentric Power 
9% 18% 4.5% 9% vs. 18% 9% vs. 4.5% 18% vs. 4.5% 
1 vs. 2 0.972 1 vs. 2 0.922 1 vs. 2 0.988 1 vs. 2 0.978 1 vs. 2 0.917 1 vs. 2 0.912 
1 vs. 3 0.527 1 vs. 3 0.593 1 vs. 3 0.679 1 vs. 3 0.646 1 vs. 3 0.589 1 vs. 3 0.696 
1 vs. 4 0.379 1 vs. 4 0.322 1 vs. 4 0.317 1 vs. 4 0.323 1 vs. 4 0.318 1 vs. 4 0.321 
1 vs. 5 0.020* 1 vs. 5 0.019* 1 vs. 5 0.021* 1 vs. 5 0.018* 1 vs. 5 0.025* 1 vs. 5 0.013* 
2 vs. 3 0.364 2 vs. 3 0.379 2 vs. 3 0.357 2 vs. 3 0.362 2 vs. 3 0.352 2 vs. 3 0.355 
2 vs. 4 0.068 2 vs. 4 0.087 2 vs. 4 0.072 2 vs. 4 0.081 2 vs. 4 0.074 2 vs. 4 0.089 
2 vs. 5 0.005* 2 vs. 5 0.002* 2 vs. 5 0.009* 2 vs. 5 0.007* 2 vs. 5 0.009* 2 vs. 5 0.007* 
3 vs. 4 0.009* 3 vs. 4 0.007* 3 vs. 4 0.001* 3 vs. 4 0.008* 3 vs. 4 0.003* 3 vs. 4 0.002* 
3 vs. 5 0.001* 3 vs. 5 0.009* 3 vs. 5 0.007* 3 vs. 5 0.003* 3 vs. 5 0.002* 3 vs. 5 0.006* 





 Concentric power was not influenced by the interaction of mouth rinse condition 
(water, sham, CHO) and Set (each of the 5 sets per condition) (F8,112 = 1.088, p = 0.376, Figure 
8). Concentric power was observed to be different between sets (F4,56 = 13.035, p <0.001, 
Figure 8) (i.e. main effect for set). Planned comparisons of concentric power were observed to 
be different between sets 1 and 5 (water vs. sham p = 0.018, water vs. CHO p = 0.025, sham vs. 
CHO p = 0.013,, Figure 8, Table 4), 2 and 5 (water vs. sham p = 0.007, water vs. CHO p = 0.009, 
sham vs. CHO p = 0.007, , Figure 8, Table 4), 3 and 4 (water vs. sham p = 0.008, water vs. CHO p 
= 0.003, sham vs. CHO p = 0.002, Figure 8, Table 4), and 3 and 5 ( water vs. sham p = 0.003, 
water vs. CHO p = 0.002, sham vs. CHO p = 0.006,, Figure 8, Table 4). 
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The primary finding of this experiment was that CHO mouth rinse prior to training sets 
of squats did not enhance training volume during an acute, squat training session.  
Overall, the data collected were reasonable in terms of magnitudes of each 
measurement. For example, Blood glucose levels prior to the squat protocol were within 
normal fasting range (Figure 2, Table 2, <100 mg/dl) according to the American Diabetes 
Association standards [21]. Blood lactic acid levels were also reasonable. For example, blood 
lactic acid was lower prior to the squat protocol (Figure 3, 2.0 mmol/l ± 1.5 mmol/l) and higher 
following the squat protocol [22]. Data from the current experiment agrees with the available 
data in the literature with mean changes reflecting a lower blood lactic acid level prior to the 
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squat protocol with a five-fold change pre, post squat protocol in all intake conditions (10.4 
mmol/L ± 3.1 mmol/L) (Figure 3, Table 2) [22]. 
Concentric power was observed with mean W/Kg ranging from 3.096 to 4.00 W/Kg 
(Figure 8, 83.3 ± 9.5 kg mean body mass, 258  333 W ± 33 W). These observations were 
generally consistent throughout all sets and intake conditions. It is important to note that 
participants were self-selecting repetition speed and cadence. This approach was led by a 
similar protocol in an experiment conducted by Siegel et al. [23]. Eccentric and concentric Work 
was observed to be greater in sets with higher repetitions  which makes sense given work is a 
function of force and distance moved (i.e., more repetitions would indicate more distance that 
a weight was moved through). Overall, training volume observed in the present experiment was 
reasonable when considering all participants were using a load <75% 1-RM with predicted 1-RM 
squat of <227.2 kg using Brzycki formula [24]. 
Blood Glucose 
The current literature related to blood glucose regulation during exercise suggests that 
at the onset of moderate-intensity aerobic exercise hepatic glucose production increases five-
to-tenfold to match peripheral glucose disposal into working muscle [25, 26]. If hepatic glucose 
production does not take place during activity, then circulating glucose levels will drop [25, 26]. 
During intense anaerobic exercise, hepatic glucose production can reach up to 15 mg/kg body 
mass/min which is an amount that exceeds muscular glucose disposal [27]. Data in this 
experiment supports the concept that hepatic glucose production exceeds muscular glucose 
disposal during intense anaerobic exercise since blood glucose was observed to be higher post 
squat protocol versus pre squat protocol. It was interesting that blood glucose increased when 
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mouth rinse was with water or CHO. However, in either condition, there was no benefit of 
increased blood glucose on training volume in this experiment.  
In contrast to water or CHO mouth rinse, the sham condition had no influence on blood 
glucose. It may be that the non-nutritive sweetened beverage ameliorated the hepatic glucose 
production. This could be partially related to the ability of the body to absorb sugar alcohols at 
a higher rate in the oral cavity [4, 13-15, 17] and could potentially provide sensorimotor 
signaling to reduce hepatic glucose production. More investigation is needed to assess the 
degree of impact that sugar alcohols have on hepatic glucose production during exercise. 
The post exercise blood glucose measurement of this experiment is extremely peculiar 
when compared to the first two experiments (i.e., Chapter 2 and 3) in so much as all three 
training protocols were of the same intensity with similar duration, yet the mouth rinse 
resulted in a what seems to be a greater magnitude increase of circulating blood glucose when 
compared to a beverage that was ingested. This phenomenon draws question to the 
relationship of neurotropic stimulation from oral cavity stimulation and hepatic glucose 
production related to exercise. More investigation is needed to assess possible benefits or 
concerns for various populations utilizing mouth rinsing technique. For example, a person with 
Type I diabetes could find themselves in a difficult situation based on our post-exercise blood 
glucose measures using mouth rinse.  
Previous investigation demonstrated that training volume could be enhanced by CHO 
mouth rinse [1, 5-7]. Although, these findings were demonstrated on only upper body exercises 
at higher intensities using less training volume. Data from this experiment observed that 
circulating blood glucose was increased during the squat protocol with no enhancement in 
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training volume. Therefore, available blood glucose may not be the only critical factor in 
resistance training performance. Training time of this investigation, while variable between 
participants, did not take longer than 30 minutes. While there are exercise programs designed 
for short duration, those participating in these shorter duration sessions may not benefit from 
CHO mouth rinse.  
Muscle glycogen was not assessed in the participants at the time of testing. Additional 
behavior such as sleep patterns were not able to be controlled for. Poor sleep could elicit a 
decrease in athletic performance [28-30]. Facilities with a metabolic housing unit would be 
most suited to account for this and many other behavioral variables.  
Neuromuscular fatigue 
Neuromuscular fatigue has been demonstrated to be related to workload [31, 32]. The 
neuromuscular fatigue has been demonstrated to be ameliorated by Melby, C., et al. (1993) 
using carbohydrate mouth rinsing [33]. Therefore, the more work performed in a training 
session could be a factor by which CHO mouth rinse results in an ergogenic aid. Since work is a 
function of force and distance moved, work would seem to be influenced by range of motion 
(ROM) of key joints such as the ankle, knee, and hip. In order to simulate a typical training 
session in which ROM is not controlled,, participants in the present study were allowed to self-
select ROM of these joints. Since training volume was calculated by the product of weight lifted 
and number of repetitions, an alternative approach would be to control ROM. This could be 
achieved by controlling the depth of squat, for example. It is presently not known if the 
outcome of the study would differ if ROM was controlled. That being said, qualitatively the 
participants did not make any obvious changes to depth of squat. Furthermore, power and 
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work were calculated from the force-time profile and these parameters would reflect any 
changes in technique. 
There is potential that a protocol using a greater weight load or protocol with more sets 
and repetitions could create a greater reliance on exogenous CHO to ameliorate neuromuscular 
fatigue. A limitation of the present study was that sleep was not able to be controlled. 
It is understood that a confounding factor of this experiment was that the initial phase 
of the squat was not performed from an absolute zero acceleration due to stabilization of the 
barbell upon setting stance. The sum of work performed in eccentric and concentric phases was 
compared to address the squat not being performed from an absolute zero acceleration. The 
sum was nearly zero for all sets of all conditions reflecting that our measurements began as 
close to zero acceleration as possible. 
Practical Application 
The most important observation of this investigation is that training volume was 
maintained throughout all mouth rinse conditions in the squat protocol despite oral cavity 
activation in a fasted state. That is, there was no negative influence of using mouth rinse on 
training volume. Previous literature suggests that training volume would be decreased if 
performed in a fasted state [34, 35] with some literature suggesting that CHO mouth rinsing 
would enhance training [1, 5-7]. Our data suggest that while there was no enhancement of 
training, training volume was maintained even in a fasted state.  
From a practical standpoint, it is conjectured that on occasion (<2 times per week), if 
someone were training and was not able to consume food, they may still be able to perform 
the same amount of volume to keep their training program on track. Training volume appears 
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to be the primary driver of muscle hypertrophy [11, 12, 36-43]. Therefore, maintaining training 
volume throughout a training program could have significant impact on the hypertrophy 
outcome of the program for the individual and thus lead to greater performance long-term. 
However, those who may have uncontrolled blood glucose may want to closely monitor their 
response to mouth rinse techniques. 
Suggestions for future investigation would include altering the exercise selection and 
weight load used to investigate mouth rinse effect on resistance training performance. More 
investigation on blood glucose response to mouth rinse and exercise in various populations is 
recommended to assess potential benefits and risks. Additionally, more investigation including 




 In conclusion, CHO mouth rinse prior to training sets of squats does not enhance 
training volume during an acute, multi-set squat protocol. CHO mouth rinse may not be needed 
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 In general conclusion, carbohydrate (CHO) supplementation was not observed to be an 
ergogenic aid in an acute squat training session. Blood glucose should not be the only factor 
emphasized when preparing for resistance training. These data observed that available 
circulating blood glucose was utilized during the squat protocol with no influence on training 
volume. Additionally, circulating blood glucose was observed to have a substantial increase 
following CHO mouth rinse and also did not influence training volume. These observations 
suggest that training volume can be maintained even in a fasted state which may be particularly 
beneficial for those with difficult training schedules in competitive environments (e.g. team 
sports and busy professionals). 
Regarding substantial change in circulating glucose following CHO mouth rinse. More 
investigation is advised to assess potential risk to those who may suffer from uncontrolled 
blood glucose. Not all participants experienced the same magnitude of change in circulating 
blood glucose following the protocol which suggests that individual assessment would be 
recommended. Maintaining an appropriate level of circulating blood glucose could be difficult 
for some populations by utilizing mouth rinse technique.  
 Therefore, assessing individual needs and goals and monitoring results from various 
nutrition strategies may be critical to developing a reliable and systematic nutrition protocol 
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APPENDIX 2: TRAINING VOLUME DATA PART 1 
 
Participant data for total training volume for each condition. Volume is expressed in kg. 
  
 118 
APPENDIX 3: BLOOD GLUCOSE DATA PART 1 
 
















Participant data for body mass for each condition. Values are in kg. 
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Participant data for body fat percentage for each condition. Values are percent body fat. 
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Participant data for total training volume for each condition. Volume is expressed in kg. 
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APPENDIX 10: BODY MASS DATA PART 2 
 
Participant data for body mass for each condition. Values are in kg. 
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APPENDIX 11: BODY FAT PERCENTAGE DATA PART 2 
 
Participant data for body fat percentage for each condition. Values are percent body fat. 
  
 127 
APPENDIX 12: TRAINING VOLUME DATA MOUTH RINSE 
 
Participant data for total training volume for each condition. Volume is expressed in kg. 
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APPENDIX 13: BLOOD GLUCOSE DATA MOUTH RINSE 
 




APPENDIX 14: BLOOD LACTIC ACID DATA MOUTH RINSE 
 




APPENDIX 15: BODY MASS DATA MOUTH RINSE 
 
Participant data for body mass for each condition. Values are in kg. 
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APPENDIX 16: BODY FAT PERCENTAGE DATA MOUTH RINSE 
 
Participant data for body fat percentage for each condition. Values are percent body fat. 
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APPENDIX 17: FORCE PLATFORM DATA IN MATLAB 
 
Example of force platform data in MATLAB. 
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APPENDIX 18: MATLAB ANALYSIS OF FORCE PLATFORM DATA 
 
Average ground reaction forces used to assess eccentric and concentric movement patterns. 
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APPENDIX 19: MATLAB INTEGRATION 
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